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I, Dr. Stephen M. Strittmatter declare and state as follows: 

1. I received my education at Harvard College (A.B.), Johns Hopkins 
Medical School (M.D., Ph.D.) and Massachusetts General Hospital (Neurology 
Residency and Research Fellowship). A copy of my curriculum vitae is attached as 
Exhibit E. 

2. I am currently employed at Yale University School of Medicine, where I 
am a Vincent Coates Professor of Neurology and hold the position of Director, Cellular 
Neuroscience, Neurodegeneration and Repair. My work involves the study of neural 
repair and neurodegeneration. 

3. I am a named inventor of the above-identified application, and I am 
famiUar with the pending claims and the April 14, 2010 Office Action. 



Sir: 
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4. 1 have been told by attorneys for Yale University that the specification of 
a patent application describes the claimed invention while the claims establish the scope 
of the invention. I understand that claims 1, 3, 4, 6, 10-12, 19-22, 24, and 26-35 are 
directed to methods of promoting regeneration or survival of dopaminergic neurons in a 
mammal displaying signs or symptoms of dopaminergic neuronal degeneration by 
administering directly to the CNS a therapeutically effective amount of a soluble form of 
a mammalian NgRl or of an antibody or antigen-binding fragment thereof that binds to a 
murine or human NgRl. 1 understand that claims 23 and 36 are directed to methods of 
treating Parkinson's disease by administering directly to the CNS of a mammal a 
therapeutically effective amount of a soluble form of a mammalian NgRl or of an 
antibody or antigen-binding fragment thereof that binds to a murine or human NgRl. 1 
understand that the claims have been rejected in the Office Action for, among other 
things, lack of enablement. 1 have been told by attorneys for Yale University that a 
specification is "enabled" if, following the specification, a person having ordinary skill in 
the art could make and use the claimed invention using only routine experimentation. In 
my view, a "person of ordinary skill in the art" with respect to the above-identified patent 
application would be a person having at least post-doctoral level training and experience 
in the field of molecular biology and neurobiology and/or training as a specialist 
physician in neurology. 

5. 1 understand that the Examiner alleges that the claims of the application 
encompass all methods of promoting restoration of dopamine neurons after any injury in 
the brain involving dopamine neurons, including those involved in diseases such as 
Parkinson's disease, using non-confirmed antagonists of NgR besides sNgRl. 1 also 



- 3 - RELTON et al. 

Appl. No. 10/587,714 

understand that the Examiner alleges that the 6-hydroxydopamine (6-OHDA) model 
described and used in the application in rats and Nogo receptor knockout mice is not a 
valid model for Parkinson's disease or any of the diseases associated with dopaminergic 
nexjTonal degeneration encompassed by the claims. 

6. On the contrary, based on my understanding of the field of neuroscience, 
it is my expert opinion that upon reading the current patent specification, one of ordinary 
skill would understand that the 6-OHDA model is a widely accepted and used model of 
Parkinson's diseases and other diseases associated with dopaminergic neuronal 
degeneration. In addition, the 6-OHDA model is predictive of success in protecting 
degeneration of dopaminergic neurons. 

The claims encompass methods of promoting regeneration or survival of 
dopaminergic neurons in a mammal displaying signs or symptoms of dopaminergic 
neuronal degeneration. Examples of such conditions include Parkinson's disease, 
multiple system atrophy, striatonigral degeneration, olivopontocerebellar atrophy, Shy- 
Drager syndrome, motor neuron disease with parkinsonian features, Lewy body 
dementia, progressive supranuclear palsy, cortical-basal ganglionic degeneration, 
frontotemporal dementia, Alzheimer's disease with parkinsonism, Wilson disease, 
Hallervorden-Spatz disease, Chediak-Hagashi disease, SCA-3 spinocerebellar ataxia, X- 
linked dystonia-parkinsonism (DYT3), Huntington's disease (Westphal variant), prion 
disease, vascular parkinsonism, cerebral palsy, repeated head trauma, postencephalitic 
parkinsonism and neurosyphilis. While these conditions have different etiologies, they 
are all characterized by degeneration of dopaminergic neurons. 
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The 6-OHDA model of dopaminergic neuronal degeneration was developed in 
the 1960's as a tool to lesion the nigro-neostriatal dopamine system. Since then, 6- 
OHDA lesioning in rodents has been used extensively as a model for diseases affected 
by dopaminergic neuronal degeneration. Thousands of papers have been published that 
report on the use of the 6-OHDA model to study the effects of and to identify molecules 
that can be used to promote the regeneration or survival of dopaminergic neurons. See, 
e.g., Fuxe and Ungerstedt, Pharmac. Ther. B. 2:A\-A1 (1976) (Exhibit A); Tolwani, R.J., 
et al. Lab. Animal Sci. 49:363-71 (1999) (Exhibit B); Betarbet, R., et al, BioEssays 
2^:308-18 (2002) (Exhibit C); Deumens, R., et al, Exp. Neurology 775:303-17 (2002) 
(Exhibit D) (and the references cited therein). And although other models of 
dopaminergic neuronal degeneration exist, these models are either no better at predicting 
efficacy or are worse. 

For example, in Parkinson's disease, which is a sporadic and idiopathic disease 
that is still not very well understood, other toxin-induced models and genetic models 
have been developed. See Tolwani, R.J,, et al.. Lab. Animal Sci. 49:363-11 (1999) 
(Exhibit B); Betarbet, R., et al, BioEssays 2^:308-18 (2002) (Exhibit C). Besides 6- 
OHDA, the only other model that is used actively and is similarly robust is the toxin- 
induced model of l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP). However, 
while MPTP is an alternative to the 6-OHDA model, other toxin-induced models, such as 
rotenone, are less robust and the genetic models that have been developed are simply not 
as good. See, e.g., Betarbet, p. 312, Table 1 (Exhibit C). 

The 6-OHDA model in rats with unilateral lesioning has been the most 
commonly used animal model of Parkinson's disease and has been instrumental in its 
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contributions to preclinical research of the disease. See Deumens, R., et al, Exp. 
Neurology 775:303-17 (2002) (Exhibit D). 6-OHDA became such a widely used model 
of Parkinson's disease because, in many aspects, it mimics the pathology and 
characteristic symptoms of the disease. See Deumens, p. 310, col. 1 (Exhibit D). For 
example, as with idiopathic Parkinson's disease, 6-OHDA administration can specifically 
destroy dopaminergic neurons in the substantia nigra of the midbrain, resulting in 
reduced levels of dopamine. Furthermore, some of the physical symptoms of Parkinson's 
disease, such as akinesia are induced by 6-OHDA lesioning. As mentioned above, while 
there are other models of Parkinson's disease that have been developed, no single model 
mimics all of the symptoms and pathology of Parkinson's disease. 

In addition, the ability to quantify in vivo action of 6-OHDA by monitoring 
animal behavior has been invaluable to screening for therapeutics that protect 
dopaminergic neurons in Parkinson's disease and other diseases affected by 
dopaminergic neuronal degeneration. See Deumens, p. 306, Table 1 (Exhibit D). For 
example, following lesioning of an animal with 6-OHDA, specific behaviors such as 
animal rotation can be monitored and quantified when the animal is challenged with 
agents that target dopaminergic neurons. See Deumens, pp. 305-306, Figure 1, and 
Table 1 (Exhibit D); Fuxe and Ungerstedt, p. 41 (Exhibit A). This unilateral lesioning 
and rotation model was used in the present application in both rats and mice to 
demonstrate that blockade of Nogo receptor protects dopaminergic neurons from 
degeneration caused by 6-OHDA. Significantly, as shown in Example 1 of the 
application, treatment with the soluble Nogo receptor- 1 construct in the 6-OHDA 
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lesioned rat increased dopaminergic neuronal survival in the substantia nigra, as well as 
levels of dopamine in the lesioned striatum. 

Therefore, based on the findings that blockade of Nogo receptor protects 
dopaminergic neurons in the 6-OHDA model of dopaminergic neuronal degeneration, 
one of ordinary skill in the art would readily understand that Nogo receptor- 1 antagonists 
could be used in methods to promote regeneration or survival of dopaminergic neurons. 
Furthermore, the person of skill would recognize that the Nogo receptor- 1 antagonists for 
use in the methods of the application, such as soluble polypeptide fragments or 
antibodies or antigen-binding fragments that bind thereto, would be applicable to the 
treatment of those diseases affected by dopaminergic neuronal degeneration, including 
Parkinson's disease. 

7. 1 further declare that the above statements made of my own knowledge 
are true and the above statements based on information and belief obtained from the 
references and documents discussed are believed to be true. Additionally, I declare that 
these statements were made with the knowledge that willful false statements and the like 
are punishable by fine or imprisonment, or both, under Title 18 United States Code 
Section 1001, and that willful false statements may jeopardize the validity of this 
application or any patent issuing thereon. 
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ANTIPARKINSONIAN DRUGS AND DOPAMINERGIC 
NEOSTRIATAL MECHANISMS: STUDIES IN RATS 

WITH UNILATERAL 6-HYDROXYDOPAMINE 
(=6-0H-DA)-INDUCED DEGENERATION OF THE 
NIGRO-NEOSTRIATAL DA PATHWAY AND 
QUANTITATIVE RECORDING OF ROTATIONAL BEHAVIOUR 

Kjell Fuxe and Urban Ungerstedt 
Department of Histology, Karolinska Institutet, Stockholm, Sweden 

1. INTRODUCTION 
Ungerstedt has described the high degree of lesion specificity that is obtained when 6- 
OH-dopamine (6rOH-DA)^ is used as a tool to lesion the nigro-neostriatal dopamine 
(DA) system (Ungerstedt, 1968, 1971a). Evidence has also been given that the rotational 
behavior induced jn these rats by, for example, psychoactive drugs is highly related to 
the degree of DA receptor activity in the neostriatum (Anden et,al., 1966; Ungerstedt, 
1971b). Thanks to the construction of a.'rotometer' (Ungerstedt and Arbuthnott, 1970), 
this behavior can be quantified and can be used to evaluate the effects of drugs on 
neostriatal dopaminergic mechanisms. Ungerstedt {1971c) has provided evidence that a 
supersensitivity to DA and apomorphine develops in the denervated neostriatum. 
Treatment with apomorphine, a DA receptor stimulating agent (Ernst, 1967; And6n et 
al, 1967), results in rotation of the animal towards the intact side (Ungerstedt, 1971c), 
since the' denervated side is more stimulated by apomorphine than the intact, side. A 
catecholamine(CA)-releasing agent such as amphetamine (Carlsson et al, 1966), on the 
other hand, will always result in rotation of the animal towards the denervated side, 
since no DA stores are available for release on the denervated side. Thus, iii this model 
it is possible to differentiate between DA releasing,agents and DA receptor stimulatmg 
agents. Using this model, Ungerstedt (1971c) has/een able to show that dopa probably 
acts by formation of DA which acts mainly on the supersensitive neostriatal DA 
receptors, since rotation towards the intact side is obtained. 

In studies with the '6-OH-DA rotation model', together with amine turnover studies, 
new types of possible antiparkinsonian agents have been discovered such as m- 
tyrosine (Anden et al, 1970; Ungerstedt et al, mi), piiibedil 7-(2"-pynmidyl)-4-. 
piperonyl-piperazine, ET 495; Corrodi et al, 1971, 1972a), and ergot alkaloids (Corrodi 
et al, 1972b). 

2. ACTION OF m -TYROSINE 
In contrast to I -dopa, m -tyrosine alone caused no rotational behavior with the 
exception of a few animals and only when high doses of 100-300 mg/kg were used (see 
Fig. 1). ?-Dopa alone is effective in doses down to 10 mg/kg (Ungerstedt, 1971c). 
However, in combination with a peripheral dopa decarboxylase inhibitor, benserazide, 
N-(dl -seryl)-N'-2,3,4-trihydroxybenzylhydrazine (Burkard et al, 1962; Pletscher and 
Gey, 1963; Porter et al, 1962), dl-m-tyrosme and i-m-tyrosine caused a dose- 
dependent increase in rotational behavior towards the intact side, demonstrating that 
the denervated DA receptors have become overactive. The threshold dose was 
10 mg/kg and the i-form seems to be the active form. The action of m -tyrosine is 
probably mediated via formation of m-tyramine by decarboxylase in the denervated 
neostriatum and subsequent stimulation of the supersensitive DA receptors by 
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Fig. I. The effect of m -tyrosine treatment on rotational behavior in rats with a 6-OH-DA- 
induced degeneration on the nigro-striata! DA pathway in combination with peripheral 
decarboxylase inhibition (benserazide), 50 mg/kg. A dose-dependent increase is observed. The 
, i -form appears to be the active form . In the lower dose range 1 -dopa is about four to five times as 
active as /-m-tyrosine, but t-m -tyrosine does not reach a plateau value as rapidly as i-dopa.- 
Means ± SEM are given. 

m-tyramine. The ethylester of I-m-tyrosine had a similar potency as i -m-tyrosine. 

It is interesting to compare the effects of benserazide-m -tyrosine with those of 
benserazide-J-dopa treatment. The results show that i-dopa is five times as potent as l- 
m -tyro sine in this combined treatment with benserazide. In the higher dose-range it 
should be noted that whereas the animals treated with benserazide-m -tyrosine 
continue to show some increases in total numbers of rotations, the benserazide-dopa- 
treated rats have reached a plateau and do not show further increases in rotational 
behavior. Instead stereotyped licking and biting behavior develops. 

The eifects of i -m-tyrosine are potentiated by MAO inhibition and blocked by 
pretreatment with a DA receptor blocking agent such as spiroperidol or haloperidol. 
When the dose of benserazide is increased, the latency for onset of rotations is. 
increased, supporting the view that J -m-tyramine is the active compound. Thus, when 
the dose of benserazide is increased, the cerebral decarboxylase is also inhibited. 
Similar results have been obtained with combined benserazide-dopa treatment (Unger- 
stedt, 1971c). With a dose of 50 mg/kg benserazide, which mainly inhibits peripheral 
decarboxylase, there was a difference in the latency for onset of i-dopa- and l-m- 
tyrosine-induced rotations. After i-dopa the rotations started after about 10-15 min, 
whereas after l-m -tjTOsine the rotations started after about 30-40 min. This difference 
may be related to a slower decarboxylatigii of m -tyrosine and/or to the lower capacity 
of m-tyramine to activate the DA receptors. 

The effects of m -tyrosine have also been tested in another parkinsonian-like model;' 
i.e. on its action on tremor in monkeys with a ventromedial tegmental lesion (Goldstein 
et ai, 1969). Like I-dopa, J -m-tyrosine alone was found to induce a relief of tremor in a 
dose of 15 mg/kg. The effects lasted for about 15-30 min and full tremor was restored 
after about 2 hr (see Ungerstedt et al, 1972). i-Dopa in this model was only about twice 
as active as / -m-tyrosine, and i-m -tyrosine was active in the absence of peripheral 
decarboxylase inhibition in contrast to what was found in rats. Thus, it seems 
reasonable that 2 -m-tyrosine could be an important new drug in the treatment of 
Parkinson's diseases via formation of the false transmitter i-m-tyramine in the 
neostriatum, m -Tyrosine, unlike dopa, is not metabolized by COMT but only by MAO, 
which may be an advantage, since m -tyrosine should not effect the levels of the methyl 
donor, s-aderiosylmethionine, in the brain. Furthermore, the milder DA receptor 
stimulation induced by m-tyramine may be another advantage, since hyperkinesis seen 
after dopa treatment might be avoided. This is shown in the present experiments on rats 
in as much as stereotyped behavior in rats may be compared to hyperkinesis in man. 

3. ACTION OF OTHER AMINO ACIDS 

5-Hydroxytryptophan (5-HTP; 100-200 mg/kg, i.p.), a-methyldopa and a-methyl-m- 
tyrosine have not been found to induce any rotational behavior in rats with a unilateral 



6-OH-DA-induced degeneration of the nigro-neostriatal DA system. These results 
indicate that the amines formed from these amino acids, 5-HT, a-methyl-DA and a- 
methyl-m-tyramine respectively, are not capable of stimulating the DA receptors nor of 
releasing DA in the neostriatum. These results thus demonstrate the specificity of the 
DA receptors. The addition of an a-methyl group obviously abolishes the DA 
receptor-stimulating property of m-tyramine (Anden et al, 1970; Ungerstedt et al, 
1972). The effects of 3-O-methyIdopa have also been studied, since this compound is 
one of the major metabolites formed in patients treated with dopa (Pletscher et al, 
1967- Tissot et al, 1969) and then slowly demethylated to dopa (Bartholini et al, 1971; 
Davidson et al, 1971). It has therefore been postulated that 3-O-methyldopa might be 
effective in the treatment of Parkinson's disease, since m this way a continuous 
formation of dopa could be obtained from an endogenous depot and therapeutic effects 
have in fact been reported (Gauthier et al, 1971). However, in our studies large and 
repeated doses of 3-O-methyldopa (100-500 mg/kg) have not induced any rotational 
behavior in the rats. These results rather suggest that the dopa formed from 3-O- 
methyldopa is too small to cause sufficient stimulation of the DA receptors. Therefore, 
of the amino acids tested, so far only m -tyrosine may be of value in the treatment of 
Parkinson's disease. 



4. ACTION OF DA RECEPTOR-STIMULATING AGENTS 
Apomorphine is a weU-known drug causing a potent but short-lasting stimulation of 
DA receptors (Ernst, 1967; Anden et al, 1967). Ungerstedt (1971c) has shown that this 
drug induces marked rotation towards the intact side. These results are explained by the 
development of supersensitivity to - DA or DA receptor-stimulating agents m the 
denervated neostriatum. Because of the short-lasting effect of apomorphme and the 
fact that marked stereotyped biting behavior was induced in higher doses, it will be 
difficult to use apomorphine as. a tool in treatment of parkinsonian patients, although 
some beneficial etects have been reported mWet al, 1971). We have therefore tested 
a large number of apomorphine derivatives in order to find DA receptor-stimulating 
agents with a prolonged action. However, most of the apomorphine derivatives were 
inactive in our rotometer model. Only 7r and ll-hydroxy-noraporphines were weakly 
active (GranchelH et al, 1971). Therefore we havetested other compounds m this model 
and in our amine turnover model. It is, known that drugs stimulating monoamine 
receptors will cause a compensatory, reduction, iykmine tumoyef . 

In an attempt to find other DA receptor-stimialating agents, we have tested .vafious 
drugs for their ability to change DA turnover or induce rotational behavior. In these 
studies we have found two new types of DA receptor-stimulating agent,- i.e. pinbedil 
(ET 495; Corrodi et al, 1971, 1972a) and ergot alkaloids (ergocornine and 2-brom-a- 
ergocryptine: Corrodi et al, 1972b). Piribedil. was found to cause a potent and 
prolonged stimulation of DA receptors, as evidenced by marked rotational behavior 
towards the intact side and a marked reduction of DA turnover (Corrodi et al, 1971, 
1972a; see Fig. 2a, b). It is true that apomorphine is about four times as active as 
piribedil in the lowest dose range. However, it is important to note that in the higher 
dose range the total number of rotations seen after piribedil will continue to increase, 
whereas the apomorphine-induced rotational behavior reaches a plateau value due to 
induction of marked stereotyped licking and biting activity. With doses of above 
50 mg/kg of piribedil, the rats could rotate for several days, demonstrating the prolonged 
effect of piribedil. More clinical trials with piribedil are therefore needed. 

It is not known whether piribedil is active in itself or if an active metabolite is formed 
which is responsible for the DA, receptor stimulation. The formation of an active 
metabolite is indicated by the fact that piribedil, in contrast to apomorphine, has. little 
activity when given locally into the neostriatum. However, the formation of this 
metabolite must be very rapid, since rotational behavior is observed only a couple of 
minutes after systemic treatment with piribedil. 

Another discovery in these studies was the observation that -ergot alkaloids were 
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Fig. 2. The eifect of apomorphine and piribedil on rotational behavior in rats with a 
6-OH-DA-induced degeneration on the nigro-striatal DA pathway. Apomorphine and piribedil 
are observed to cause a dose-dependent increase in this behavior, the rats rotating to the intact 
side. Thus, dopamine receptors on the denervated side are stimulated more than those on the 
intact side. Apomorphine is in the lower dose range four to five times more potent than piribedil. 
However, with increasing dosage the animals treated with piribedil will continue to show 
increases in total number of turns, whereas the animals treated with apomorphine rapidly reach a 
plateau value. Means ± SEM are given. 



active in our tests, suggesting that these compounds can also stimulate neostriatal DA 
receptors. The threshold dose for inducing rotational behavior towards the intact side 
by ergocornine was 0.25 mg/kg and with 5 mg/kg marked rotational behavior was 
observed (see Fig. 3). A marked reduction of DA turnover was also present. 2-brom-a- 
ergocryptine was as active as ergocornine, and showed a very prolonged action. These 
results suggest that the testing of ergot alkaloid derivatives may be of help in developing, 
new types of antiparkinsonian agents. It is obvious that these compounds have to be less 
toxic than ergocornine. y 



5. ACTION OF CATECHOLAMINE-RELEASING AGENTS 

The effects of the catecholamine-releasing agent amphetamine have been studied 
extensively in the rotometer model (see Anden et al, 1966; Ungerstedt, 1971b). 
Amphetamine induces a dose-dependent increase in rotational behavior towards the 




0.25 1 5mg/kg 

Fig. 3. The effect of ergocornine on rotational behavior in rats with a 6-OH-DA-inducetf 
degeneration on the nigro-striatal DA pathway. A dose-dependent increase in this behavior is 
observed, the rats rotating to the intact side. Thus, the dopamine receptor is stimulated more on 
the denervated side than on the intact side. Means ± SEM are given. 



.enervated side. It was of particular interest to evaluate the effects of d -amphetamine 
compared to -amphetamine, since it has been postulated by Snyder and co-workers 
^^avlor and Snyder, 1971) that the differences between the actions of d- and 2-forms of 
amphetamine mainly concern NE neurons and not DA neurons. However, Svensson 
n971) has given evidence that the d- and l-forms are equipotent m releasmg NE 
whereas the d-form may be more active in releasing DA than the 1-form as evaluated 
both functionally and chemically. Our results also indicate that d-amphetamme is more 
notent in releasing DA than the , I -amphetamine (see Fig. 4). Furthermore, Taylor and 
Lvder (1971) have described that the d-form is twice as active as the I-form m ehcitiiig 
stereotyped gnawing behavior. It is likely, therefore, that d -amphetamine, particularly 
om a theoretical point of view, could be a useful tool in the treatment of Parkmson s 
disease in view of its higher DA-releasing capacity. However, its use is exchided owing 
to its well-known addictive properties. This holds true for other drugs of this type such 
as phenmetrazine and methylphenidate, which also have been shown to mduce 
rotational behavior towards the intact side and to release DA and NE. On the other 




FIG 4 The effect of amphetamine on rats with a 6-OH-DA-induced degeneratioti on the 
So-ltriSSthw^y.Adose-dependentiBcrease^^^ 

Thus, dopamine receptors are stimulated more on the mtact side than on the denervated side. The 
• ^ d-form5smoreactivethanthe/-form.Means±SEMaregiven. 

hand, weak CA-releasing agents probably lack narcotic effects 

this type is amantadine which in high doses (50-100 mg/kg) has been '^H'^J^^ 
rotation towards the denervated side (Fameb.0 etjl, ^971) and to release DA and NE 
(Stromberg et ai, 1970; Scatton et al, 1970; Farnebo et al l^^D. However it is 
obvious that antiparkinsonian agents that act mainly by releasmg DA can only be 
effective when some intact DA terminals stUl remain in the neostriatum. Otherwise, DA 
receptor-stimulating agents but not DA-releasing agents will be effective. _ 

It has recently been suggested by Snyder and co-workers (Taylor and Snyder, 1969) 
that anticholinergic drugs might act by blocking the DA membrane pump m he DA 
nerve terminal. However, recent studies suggest (Farnebo et al, 1970; Fuxe et ai., 1970) 
that the main action of anticholinergic drugs is via their known property to block 
cholinergic activity. However, as pointed out by Snyder and co-workers (Coyle and 
Snyder, 1969) and by our group, some anticholinergic drugs have a presynaptic action 
on the DA terminal, i.e: benzatropine and etybenzatropine have a capacity to block the 
uptake-concentration mechanism in the cell membrane of the DA nerve termmal 
These types of anticholinergic drugs may be particularly useful m combmation with 
dopa in the treatment of parkinsonian patients, since in addition to their anticholinergic 
effects they could directly potentiate the effect of dopa by increasing the leakage ot DA 
from the nerve terminal onto the DA receptor. 

In the rotometer model, it has been found that atropine and scopolamme cause 
rotation of the rat towards the denervated side. The mechamsm for this effect is 
probably a blockade of the neostriatal cholinergic receptors antagomstic to the DA 
system, making possible an increased DA influence in the intact neostriatum.. On the 
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denervated side, the blockade of the cholinergic pathway is probably of less importance, 
since the DA system has degenerated. 



6. SUMMARY 

The results of the present study illustrate the importance of using rotational behavior 
in rats with a unilateral 6-OH-DA-induced degeneration of the nigro-neostriatal DA 
system as an index of neostriatal DA receptor activity, particularly when combined 
with turnover analysis of DA. In this way it has been possible to develop new drugs that 
can be useful in the treatment of parkinsonian patients such as piribedil, ergot alkaloid 
derivatives and to obtain evidence that not only dopa but also m-tyrosine can be a 
powerful antiparkinsonian agent. 
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Special Topic Overview 

Experimental Models of Parkinson's Diseases 
Insights from Many Models 

Ravi J. Tolwani,** Michael W. Jakowec,^ Giselle M. Petzinger,* Sherril Green,* and Kim Waggie* 

Abstract: Toxin-induced and genetic experimental models have been invaluable in investigating idiopathic 
Parkinson's disease (PD). The neurotoxins— reserpine, 6-hydroxydopamine (6-OHDA), l-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine (MPTP), and methamphetamine — ^have been used to develop parkinsonian models in a 
wide variety of species. Both 6-OHDA and MPTP can replicate the neurochemical, morphologic, and behav- 
ioral changes seen in human disease. The unilateral 6-OHDA rat model is an excellent model for testing and 
determining modes of action of new pharmacologic compounds. The nonhuman primate MPTP-induced par- 
kinsonian model has behavioral features that best approximate idiopathic PD, These induced and genetic 
models have been used to study the pathophysiology of the degenerating nigrostriatal system and to evaluate 
novel therapeutic strategies. Important differences within these models provide insights into various aspects 
of the dopaminergic phenotype and its role as a target in disease. These models provide an avenue to evaluate 
many anti-parkinsonian compounds, such as levodopa, which was iSrst evaluated in an animal model and is 
the gold standard of parkinsonian treatment today. 



Idiopathic Parkinson's disease (PD), first described in 1817 
by James Parkinson (1), is a common nein-odegenerative disor- 
der leading to the onset of clinical features, including bradyki- 
nesia (slowness of movement), resting tremor, rigidity, and 
postural imbalance (2). The disease affects 1% of the popula- 
tion over the age of 55 years (3). Even thou^ age is the only 
identifiable risk factor for the disease, early-onset cases do 
exist. The disease leads to progressive dysfunction and de- 
struction of the mesencephalic dopaminergic neurons re- 
sponsible for producing and transpoiting dopamine, via the 
nigrostriatal tract, to the striatum (4) (Figure 1). Dopamine 
in dopaminergic neurons is pacjiaged into vesicles and deliv- 
ered to the presynaptic membrane where it is released and 
binds with the dopamine receptors on the postsynaptic tar- 
gets in the striatum. This loss of dopaminergic neurons 
leads to a profound deficit in the neurotransmitter dopam- 
ine in the striatum. Clinical signs of disease appear when 
striatal dopamine is reduced by 80% (2-4). Histologic 
changes indicate a loss of dopaminergic neurons principally 
in the substantia nigra pars compacta (SNpe), and to a 
lesser extent in the ventral tegmental area and retrorubral 
field (5). A pathologic hallmark of PD is the appearance of 
Lewy bodies, which are intracytoplasmic neuronal inclu- 
sions found in the SNpc, locus ceruleus, and nucleus basalis 
ofMeynert(6). 

Through use of animal models, the loss of striatal dopam- 
ine was identified as the principal feature of PD (7, 8). This 
finding led to the treatment of PD by use of levodopa 
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(dihydroxyphenylalanine or l-DOFA), which still remains 
the gold standard of treatment. Levodopa, able to cross the 
blood-brain barrier, is metabolized to dopamine by the en- 
zyme DOPA decarboxylase (9). Administration of levodopa 
leads to enhanced amounts of striatal dopamine. Even 
though levodopa remains efficacious throughout the course 
of PD, its usefulness becomes confounded due to develop- 
ment of motor complications, including dyslcinesia (sponta- 
neous or uncontrolled movements), which often is severe 
and debilitating. It is essential that new therapeutics are 
found to treat PD and to better understand its etiopathogen- 
esis. Experimental models provide an important avenue to 
achieve these goals. 

Pharmacologic agents and neurotoxins have been used to 
develop experimental models in a wide variety of species. In 
addition, genetic models have been identified or engineered. 
The objective of these compounds is to specifically lesion the 
basal ganglia at the level of the dopaminergic neurons 
(SNpc), their terminals (striatum or CPu), or the line of com- 
munication between them (forebrain bundle) (Figure 1). All 
these models lead to depletion of dopamine and therefore 
mimic the neurochemical deficits seen in people with PD. 

The objective of this review is to highlight the various ex- 
perimental models and their application in shedding light 
on the mechanisms responsible for nigrostriatal cell death 
and depletion of dopamine. 

Reserpine and a-methyi-/>-tyrosine models: Systemic 
administration of reserpine, a pharmacologic compound 
causing a depletion of catecholamines in the brain, led to an 
akinetic (absence of movement) state in the rabbit (8). Ad- 
ministration of L-DOPA reversed the reserpine-induced aki- 
netic syndrome, indicating that behavioral recovery was 
dependent on dopamine replacement (8). This similarity of 
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Figure 1. Neuroanatomic features of sites of leaioning of the ro- 
dent brain leading to dopamine depletion. The dopaminergic neu- 
rons of the substantia nigra project axons and their neurotrans- 
mitter dopamine (large filled arrow) to the striatum. The neuro- 
toxin 6-hydroxydopamine (6-OHDA) is stereotactically injected 
into the substantia nigra and/or the ventral tegmental area (1), 
into the level of the nigrostriatal tract (forebrain bundle) (2) or 
into the striatum (3) to induce a lesion of the nigrostriatal sys- 
tem. Systemic administration, of l-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine (MPTP) or stereotactic injection of 1-methyl- 
4-phenyl-2,3-dihydropyridinium ion (MPP+) results in uptake of 
these compounds by tiie dopaminergic nerve terminal, causing 
degeneration of dopaminergic neurons of the substantia nigra. Sys- 
temic administration of methamphetamine results in degenera- 
tion of the dopaminergic nerve terminals in the striatum. Admin- 
istration of reserpine leads to temporary dopamine depletion ow- 
ing to release of intracellular dopamine pools in the striatum. 

the akinetic syndrome in the rabbit to that in patients with 
PD led to the major breakthrough hypothesis that PD re- 
sults from dopamine depletion. This hypothesis was con- 
firmed with the subsequent observation that a dopamine 
deficiency develops in the striatum and substantia nigra in 
the brain of humans with PD (7). 

The observation that signs of motor dysfunction associ- 
ated with PD result from striatal dopamine depletion 
prompted application of reserpine in other species. For ex- 
ample, administration of reserpine to rodents induces a 
hypokinetic state (reduced movements) (10) due to depletion 
of dopamine at the nerve terminals. These motor changes 
are due to loss of dopamine storage capacity in intracellular 
vesicles (10). Similarly, systemic administration of a-methyi- 
p-tjTosine, an inhibitor of tyrosine hydroxylase, the rate-lim- 
iting enzyme in dopamine s3Tithesis, leads to similar clinical 
signs of disease (11). The motor deficits induced by these 
compounds are temporary and reversible in response to 
L-DOPA administration. Furthermore, these agents do not 
induce a morphologic change of the dopaminergic neurons. 

These pharmacologically induced experimental models 
using reserpine have been used to investigate the therapeu- 
tic effects of many compounds, including dopamine replace- 
ment agents, such as L-DOPA, and dopamine receptor 
agonists (12). The therapeutic improvement of signs of mo- 
tor dysfunction has yielded useful clinical information be- 
cause these agents can be used as adjunct therapy for PD. 

The 6-OHDAmodeI: 6-Hydroxydopamine (6-OHDA) was 
the first agent discovered that had specific neurotoxic prop- 



erties in the catecholaminergic nervous system (13-15). 6- 
OHDAuses the same catecholamine transport system as do 
dopamine and norepinephrine, leading to specific damage 
via oxidative stress to these neurons (14). lb be neurotoxic to 
the brain, 6-OHDA must be administered by intracerebral 
or intraventricular injections because it is unable to cross 
the blood-brain barrier. The compound can be neurotoxic to 
the brain, however, if administered systemically in the neo- 
natal animal, because the blood-brain barrier is not fully 
developed. Because all catecholaminergic neurons are af- 
fected by 6-OHDA, several strategies can be used to specifi- 
cally target the dopaminergic system. The uptake of 
6-OHDA into norepinephrine neurons can be blocked by sys- 
temic administration of des-methylimipramine (16, 17). Ad- 
ditionally, specificity is achieved by stereotactically targeting 
6-OHDA to the substantia nigra, the ventral tegmental 
area, the nigrostriatal tract (forebrain bundle), or the stria- 
tum (18, 19). 

Targeted injection leads to long-term destruction of dopa- 
minergic neurons as early as 24 h after its administration (18, 
20). The magnitude of the lesion is dependent on the amount of 
6-OHDA applied, the site of injection, and inherent sensitiviiy 
between animal species. Loss of 80 to 95% of tyrosine hydroxy- 
lase immunoreactivity is achieved in most studies. Striatal 
dopamine values are depleted 2 to 3 days later (21), and this 
depletion may persist at least for 180 days (22, 23). Loss of 
dopaminergic neurons leads to loss of striatal dopamine con- 
tent. These neurochemical observations correspond to behav- 
ioral changes (circling) that are observed when loss of striatal 
dopamine content exceeds 70% (24, 25). 

The experimental parkinsonian model associated with 6- 
OHDA has been produced in many species, including mice, 
rats, cats, dogs, and nonhuman primates (26). The rat is 
most commonly used for the 6-OHDA parkinsonian model 
due to established stereotactic techniques and reasonable 
cost. Typically, only one hemisphere is injected, inducing a 
unilateral lesion leading to asymmetric motor behavior. Al- 
though unilateral injections lead to asymmetric motor be- 
havior, bilateral injections in the rat can lead to hypokinetic, 
aphagic, adipsic behavior requiring nutritional support for 
survival of the animal (13), 

The unilateral 6-OHDA model offers the advantage that the 
intact and lesioned nigrostriatal systems can be compared by 
observing the resulting motor behavior asymmetiy The asym- 
metric motor behavior associated with unilateral lesions re- 
sults from a physiologic imbalance between lesioned and 
unlesioned sides. Spontaneous turning of the head or neck or 
circling behavior toward the lesion side may develop (Figure 2). 
The asymmetric behavior is usually short-lived (few days), but 
may persist, depending on severity of the lesion (27-29). Cir- 
cling behavior is measured in a rotometer that may be com- 
puter integrated (25). The degree of circling can often be 
correlated with degree of lesioning (27, 30). 

Not only can circling be spontaneous, but it may also be 
pharmacologically induced due to the changes in presynap- 
tic and postsynaptic supersensitivity between the lesioned 
and the unlesioned sides (28, 29). Amphetamines, apomor- 
phine, and L-DOPAare most commonly used to elicit circling 
behavior (Figure 2). Amphetamines and other dopamine 
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agonists act to increase the availability of endogenous 
dopamine by inducing dopamine release and inhibiting 
dopamine re-uptake (31). During the first week after 
lesioning, amphetamines induce release of dopamine from 
nonfunctional pools in the lesioned nigrostriatal system, re- 
sulting in contralateral (away from lesion) circling (Figure 
2). After 1 week, amphetamines induce ipsilateral turning 
(toward the lesion) because dopamine pools in the lesioned 
side are depleted and dopamine release in the unlesioned 
side is increased. On the other hand, apomorphine, a dopa- 
mine receptor agonist, stimulates the receptors, which are 
up-regulated and hypersensitive on the lesioned side, lead- 
ing to contralateral circling (27, 29, 30). Administration of L- 
DOPA, acting as a dopamine agonist stimulating the 
dopamine receptors, also leads to contralateral circKng (29). 
Drug-induced circling behavior may differ from the afore- 
mentioned results and is influenced by many factors (32). 

The 6-OHDA model falls short of duplicating idiopathic 
PD in humans. Pathologically, 6-OHDA does not affect as 
many regions of the brain, such as the locus ceruleus, as that 
associated with idiopathic PD. More importantly, the acute 
nature of the experimental model does not mimic the slow, 
progressive nature of dopaminergic neuronal degeneration 
(7). Some reports, however, suggest that degeneration may 
be progressive after 6-OHDA administration (20). 

Despite some limitations, the 6-OHDA lesion model has 
been used to ascertain the efficacy and mechanism of action 
of anti-parkinsonian compounds. For example, the site of ac- 
tion of new drugs, whether they act pre- or postsynaptically, 
as weU as whether they act as agonists or antagonists, can 
be determined (20). Additionally, this experimental model 
has been useful for evaluating the efficacy of transplanta- 
tion and for testing neurotrophic factors, compounds that 
promote neuron survival (33, 34). 

The MPTP model: In the early 1980s, several users of 
sjTithetic heroin developed acute parkinsonism. Investiga- 
tion of the cause revealed the presence of the contaminating 
compound 1 -methyl-4-phenyl ^1 , 2 ,3 ,6-tetrahy dropyridine 
(MPTP) (35, 36). Intravenous injection of MPTP results in 
onset of clinical signs identical to those of idiopathic PD (35). 
Later, administration of MPTP to nonhuman primates indi- 
cated that MPTP selectively lesions the nigrostriatal system 
and induces behavioral changes remarkably similar to those 
of the human condition (37). 

Presently, many of the biochemical details underlying the 
mechanism of action of MPTP have yet to be elucidated. It is 
known that MPTP is able to penetrate the blood-brain bar- 
rier where it is converted to l-methyl-4"phenyl-2, 3- 
dihydropyridinium ion (MPP+) by the enzyme monoamine 
oxidase-B (MAO-B) localized in the glial and serotonergic 
neurons (38). Selective uptake of MPP+ into dopaminergic 
neurons via the dopamine transporter leads to its accrumula- 
tion and accounts, at least in part, for its toxic specificity. 
Studies indicate that MPP-t- acts on mitochondria by inhibit- 
ing production of ATP and by stimulating free radicals (39-41). 

Administration of MPTP results in depletion of striatal 
dopamine and nigrostriatal cell death in a wide variety of 
animal species, including mice, cats, dogs, sheep, and nonhu- 
man primates (Figure 3) (26). Even though almost all spe- 




Figure 2. Circling behavior attributable to a unilateral lesion 
induced by use of 6-OHDA in the rat. A: Unilateral nigrostriatal 
lesion results in turning of head or circling toward the side of the 
lesion. B: Amphetamine administered during the first week after 
a lesion results in drug-induced circling behavior away from the 
side of the lesion. C: Amphetamine administered after the first 
week following a lesion results in circling behavior toward the 
side of the lesion. D: Apomorphine administered at low dosages 
results in circling away from the side of the lesion. 

des of animals develop some neurochemical or morphologic 
effects of MPTP, the degree of susceptibility among species 
varies on the basis of differences in sensitivity to MPTP (42). 
For example, the rhesus monkey (Macam mulatto), an Old 
World nonhuman primate, is more sensitive than is the 
squirrel monkey {Saimiri sciureus), a New World nonhuman 
primate. Rats are essentially resistant to MPTP, whereas 
mice are somewhat sensitive (43). Different strains and 
sources of mice differ in sensitivity to MPTP. These differ- 
ences are dependent on a number of factors, such as the in- 
trinsic niunber of dopaminergic neurons (44, 45), &nd genetic 
differences reported to be influencing striatal MPP+ content 
(46). The C57BL/6 mouse strain is the most sensitive and 
most common MPTP rodent model used (47-49). Recent 
studies have confirmed that MPTP leads to dopaminergic 
cell death in C57BL/6 mice (47-49) (Figure 3). This degen- 
eration of midbrain dopaminergic neurons develops in the 
substantia nigra and, to a lesser extent, the retrorabral field 
and ventral tegmental area, similar to sites of degeneration 
observed in humans with PD (45, 47-49), 

The MPTP is typically administered to mice systemically, 
using a variety of regimens. The amount and route of admin- 
istration corresponds to the extent of neurochemical and 
morphologic deficits. The selection of the route of adminis- 
tration (subcutaneous, intraperitoneal, intravenous, or in- 
tramuscular) and concentration of MPTP is principally 
based on the objective of the experimental question under 
investigation. For example, severe dopaminergic depletion 
and nigrostriatal cell death may be required to evaluate cer- 
tain protective compoimds, whereas a lesser degree, of 
lesioning may be beneficial to investigate biochemical and 
morphologic changes in the course of recovery. 

The behavioral effects of MPTP lesioning in mice are less 
marked then those seen in nonhuman primates (48, 50). 
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Figure 3: Photomicrograph of brain sections containing dopaminergic neurons after MPTP administration. (A) Untreated mouse brain, 
coronal section at the level of the mesencephalon, staining with antibody against the dopamine transporter (DAT). Open arrow indicates 
the intact substantia nigra pars compacta (SNpc), and closed arrow indicates the ventral tegmental area (VTA). (B) After MPTP expo- 
sure, many neurons in the SNpc are lost, with only a small reduction in VTA neurons. (C) Untreated mouse brain at the level of the 
midstriatiim stained with an antibody against DAT. Strong immunoreactivity (dark) is seen throughout the striatum. (D) After MPTP 
exposure immunoreactivity is greatly reduced throughout the striatum. 
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Mice may develop initial short-term toxic effects, including 
hypersalivation, piloerection, and seizures (50, 51). Mice 
usually recover quickly and manifest normal spontaneous 
behavior within 24 h (51), Some short-term behavioral defi- 
cits, including hypokinesia (51) and decreased activity, have 
been reported (50, 52). Unilateral lesions, induced by stereo- 
tactic injection of MPP+ into the nigrostriatal system, may 
induce circling behavior (53, 54). 

The MPTP-lesioned nonhuman primate is probably the 
best model of human PD. This model develops pathologic 
and neurochemical changes similar to those of the human 
disease (43, 55-57). An important distinction, however, is the 
lack of progressive neuronal loss, as seen in idiopathic PD. 
Some studies have indicated, however, that administration 
of repeated low dosages of MPTP induces a progressive par- 
kinsonism in the model (55, 58, 59). The MPTP-lesioned non- 
human primate model has provided an excellent tool to 
elucidate the structure and function of the basal ganglia as 
well as to study the mechanism of neurodegeneration, and to 
evaluate new therapeutics for PD, including surgery (trans- 
plantation, pallidotomy). 

The behavioral changes observed in the MPTP-lesioned 
nonhuman primate best resemble those of the human disor- 
der, a feature not seen in other species. These clinical fea- 
tures in the nonhuman primate include bradykinesia, 
rigidity, freezing (failure to initiate movement), balance im- 
pairment, and postural and/or resting tremor (60-62). Simi- 
lar to its use in the human condition, administration of 
L-DOPA in the nonhuman primate reverses the behavioral 
signs. Continued administration of l-DOPA in the nonhu- 
man primate leads to dyskinesias, which are involuntary 
and spontaneous motor movements consisting of chorea 
and/or dystonia, a feature seen in the late stages of idio- 
pathic PD (63). Dyskinesia can lead to appreciable disability 

VariabiHty exists within this model and is dependent on 
the regimen of MPTP administration and the species of non- 
himian primate. For example, different species of nonhuman 
primates may require more frequent injections of MPTP to 
achieve the same degree of clinical parkinsonism and/or 
dopamine depletion (55). In addition, age is a consideration, 
because older animals tend to be more sensitive to MPTP 
than are younger animals (64). Systemic administration of 
MPTP leads to bilateral, often symmetric features of parkin- 
sonism, with a corresponding partial loss of dopamine in the 
nigrostriatal system. In this systemic model, however, the 
degree of the lesion must be limited, because substantial bi- 
lateral dopamine depletion will compromise the animal's 
ability to maintain itself without therapeutic intervention. 
Additionally, dyskinesia is easily reproduced by use of pulsa- 
tile delivery of l-DOPA in this model (65). A cautionary note 
is that animals may tend to spontaneously recover; however, 
stable parkinsonism can be achieved (58, 62, 66-69). In the 
hemi-lesioned model, MPTP is administered into the inter- 
nal carotid artery, leading to marked and almost complete 
unilateral destruction of the nigrostriatal system. This 
model features unilateral parkinsonism associated with 
hemi-neglect, corresponding to delayed reaction time on the 
contralateral side (70-72). Such animals also have sponta- 
neous ipsilateral circling that can be reversed by adminis- 



tration of L-DOPA. In this particular model, dopamine deple- 
tion unilaterally can be achieved to a greater degree, be- 
cause the animal can maintain itself without therapeutic 
intervention due to the presence of an intact side. 

The characteristics of each model become important when 
designing experimental drug studies. For example, a sys- 
temic model in which MPTP can be tailored to induce partial 
dopamine depletion may have greater usefulness when study- 
ing tropic factors, because residual neurons are still present 
and may therefore respond. Conversely, the hemi-lesioned 
model has usefulness in evaluating studies of dopamine re- 
placement because unilateral complete loss of dopaminergic 
neurons can usually be achieved. Therefore, both models have 
provided important contributions toward understanding the 
mechanisms involved in nigrostriatal neurodegeneration and 
development of therapeutic interventions. 

Methamphetamine: The administration of methamphet- 
amine (METH) to rodents results in the long-term depletion of 
striatal dopamine and serotonin (73). The action of this toxin 
differs from that of MPTP in that dopanoiine is depleted at the 
level of dopaminergic terminals, not cell bodies. Under specific 
conditions, however, METH was reported to destroy cell bodies 
as weU (74). Even though the mechanism of action is unclear, 
studies indicate that METH exerts its neurotoxic effects 
through the dopamine receptor and transporter because selec- 
tive antagonists are able to block toxicity (75-77). It is well es- 
tablished that excitatory amino acids acting through the 
ionotropic glutamate receptors play a key role and that block- 
ing these receptors is neuroprotective (78, 79). 

Despite some gaps in the understanding of the mecha- 
nism of action of METH, this model has provided an impor- 
tant avenue to study the pharmacology and pathophysiology 
of the nigrostriatal system at the level of the dopaminergic 
terminals (80). Even though the major pathologic feature of 
PD is the death of nigrostriatal neurons, the loss of termi- 
nals in the time course of disease may also play an impor- 
tant role. The METH model provides an excellent tool to 
investigate the contribution of terminal function (through 
uptake of neurotoxins or tropic factors) and loss in the 
mechanism of disease. 

Genetic models of PD: In addition to the experimental 
models developed using neurotoxic agents, several genetic 
rodent models have been discovered or engineered. The best- 
characterized spontaneous genetic mouse degenerative 
model is the weaver mouse. An autosomal recessive muta- 
tion in' a potassium channel (81) leads to neiironal cell death 
in the cerebellum and the nigrostriatal system. In the mid- 
brain, there is a significant reduction in tyrosine hydroxy- 
lase-positive neurons of the substantia nigra pars compacta 
and the retrorubral nucleus (82), with a corresponding re- 
duction in striatal dopamine (83). These mice have been 
used principally for evaluating the efficacy of intrastriatal 
grafting of fetal dopaminergic cells (84). In addition to this 
mouse model, the mutant circling (ci) rat with abnormal and 
drug-induced circling behavior, similar to the 6-OHDA-in- 
duced circling model, has been reported (85). Furthermore, 
the AS/AGU rat, another natural rat mutant derived from 
the Albino Swiss (AS) rat strain, has motor changes, such as 
a staggering gait, hind limb rigidity, and difficulty in move- 
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Table 1. Neurotoxins and their effects 


Neurotoxin 


Species 


Route of administration 


Behavior 


Systems affected 


Pathologic features 






Systemic 


Hypokinesia 


Depletion of 






rabbits 






catecholamines 
















(unilateral) 




Intracerebral or 


Behavior asymmetry 


Dopaminergic and 








intraventricular 


(circling) 


noradrenergic 


dopaminergic neurons 


MPTP 


Mouse 


Systemic 


Usually none 


systems 
Dopaminergic 


Degeneration of 








long term 




dopaminergic neurons 












in C57BL/6 strain 




Nonhuman 


Systemic 


Hypokinesia, 


Dopaminergic 


Degeneration of 


















Unilateral carotid 


Unilateral 


Dopaminergic 


Degeneration of 






artery injection 


bradykinesia, 


system 


dopaminergic neurons 






(hemilesioned model). 


tremor 




Hethamphetamine 


Bodents 


Systemic 


Hyperactivity 


Depletion of 


Degeneration of 










striatal dopamine 


dopaminergic 












nerve terminals 



The most common species and routes of administration for the specific toxin are indicated. Behavior indicated is that most commonly and consistently seen. 
6-OHDA = 6-hydroxydopamine; MPTP = l-methyl-4-phenyl-l,2,3,6-tetrahydropyTidine. 



ment initiation. These behavioral changes result from a sub- 
stantial loss of dopamine in the extracellular fluid of the 
striatum, suggesting a defect of dopaminergic neiiron func- 
tion (86). The weaver mouse, circling rat, and AS/AGU rat 
are excellent models for investigating nigrostriatal cell 
death and dopaminergic neuron function. 

Information obtained from the neurochemical and neuro- 
toxin models have specifically been applied to develop engi- 
neered models with alterations of the nigrostriatal system. 
Gene disruption by gene targeting has been used to generate 
mice deficient of specific dopaminergic phenotypes (87-89). 
Disruption of the dopamine D2 receptor gene, for example, 
leads to locomotor impairment in mice that is similar to that 
of PD (88). These mice have been useful in evaluating the 
role of dopamine receptors in synaptic plasticity (88). The 
recent identification of the missense mutation in the 
oi-synuclein gene leading to early-onset familial PD will ;in- 
doubtedly lead to development of transgenic mice with tar- 
geted disruption or overexpression of the mouse a- synuclein 
homologue (90). The advantages of these spontaneous and 
engineered genetic models include the ability to study, pro- 
gressive neurologic impairment, progressive neuronal death, 
and the adaptive mechanisms that compensate for dopam- 
ine depletion (91), 

In our studies, genetic models (transgenic mice expressing 
neurotrophic factors) are being used to evaluate treatments 
for PD. This engineered mouse will allow investigation of the 
role of neurotrophic factors in protecting against neurotoxic 
injury of the dopaminergic system. Furthermore, this model 
allows study of the effects of neurotrophic factors on dopam- 
ine utiHzation, uptake, and release. Most importantly, how- 
ever, this model system can be used to evaluate the effects of 
neurotrophic fectors when they are provided after neuronal 
injury (as with MPTP) on recovery of the nigrostriatal system. 

Conclusion 

Experimental models have been invaluable in examining 
the pathophysiology of PD. The link between dopamine 
depletion and PD was first hypothesized as a result of stud- 
ies in the reserpine-treated rabbit (6). Parkinsonian models 
have been developed in various species with use of 6-OHDA 



and MPTP. Use of MPTP in the mouse leads to neurochemi- 
cal deficits and morphologic lesion of the nigrostriatal sys- 
tem, and represents an' excellent model for testing 
neuroprotective agents against MPTPlesioning. The unilat- 
eral 6-OHDA rat model is an excellent model for testing 
pharmacologic compounds and agents and distinguishing 
modes of their action. Administration of MPTP to the nonhu- 
man primate leads to behavior deficits that most closely re- 
semble the clinical features of idiopathic PD. Use of MPTP 
in the nonhuman primate also results in lesions,of the basal 
ganglia similar to those of h uman PD. Studies of the dopam- 
inergic nerve terminals have been carried out using the 
methamphetamine-induced models. Genetic models have 
been useful for studies on progressive nigrostriatal cell 
death and on specific aspects of the dopaminergic system. 

These models have been instrumental in evaluating novel 
therapeutic interventions (92, 93). For example, the effec- 
tiveness of embryonic neural transplantation in the 6- 
OHDArat has been documented (94, 95). Other studies have 
used animal models to study the efScacy of neurotrophic fac- 
tors in treating PD. Using the MPTP and 6-OHDA parkinso- 
nian models, encouraging results have been obtained after 
grafting of genetically modified cells expressing neu- 
rotrophic factors (96-99). Additionally, virus-mediated gene- 
delivery approaches have been used to deliver neurotrophic 
factors to parkinsonian models (100-103). Animal models, 
therefore, have substantially contributed to advancing our 
knowledge of ED. 
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Animal models of Parkinson's 
disease 

Ranjita Betarbet,* Todd B. Sherer, and J. Timothy Greenamyre 



Sumnnary 

Animal models are important tools in experimental 
medical science to better understand pathogenesis 
of human diseases. Once developed, these models can 
be exploited to test therapeutic approaches for treat- 
ing functional disturbances observed in the disease 
of interest. On the basis of experimental and clinical 
findings, Parkinson's disease (PD) was the first neurolo- 
gical disease to be modeled and, subsequently, to be 
treated by neurotransmitter replacement therapy. Agents 
that selectively disrupt or destroy catecholaminergic 
systems, such as reserpine, methamphetamlne, 6-hydro- 
xydopamine and 1-methyl-4-phenyl-1,2,3,6-tetrahydro- 
pyridine have been used to develop PD models. 
Recently, it has been found that agricultural chemicals, 
such as rotenone and paraquat, when administered 
systemically, can reproduce specific features of PD in 
rodents, apparently via oxidative damage. Transgenic 
animals that over-express a-synuclein are used to study 
the role of this protein in dopaminergic degeneration. 
This review critically discusses animal models of PD 
and compares them with characteristics of the human 
disease. BioEssay& 24:308-31 8, 2002. 
© 2002 Wiley Periodicals, Inc. 

introduction 

Parkinson's disease (PD), first described by James Parkinson 
in 1817, is a chronically progressive neurodegenerative 
disease, affecting at least 1 % of the population over the age 



of 55. Fully developed PD comprises motor symptoms such as 
tremor, rigidity (stiffness) and bradykinesia (slowness of 
movement). The sine qua non of PD is degeneration of the 
neural connection- between the substantia nigra (SN) and the 
striatum,^''' two -brain regions- (nuclei) essential, for normal 
motorfunction (Fig. 1). The striatum receives its dopaminergic 
input from neurons of substantia nigra pars compactp^vra this ' 
nigrostriatal pathwayP Progressive degenerat^Sn of the 
nigrostriatal dopaminergic pathway results in profound striatal 
dopamine deficiency, and dinicai signs of PD appear when 
striatal dopamine is reduced by about 80% (Fig. 2). Striatal 
dopamine deficiency— rand the resultant changes, in motor 
circuitry — are believed to underlie many of the clinical 
manifestations of PD.'^~'^> 

Another important pathological .fe,ature .of PD ,.is..the 
presence of filamentous, cytoplasmic ihclusions called Lewy 
bodies. In PD, Lewy bodies are preseht:in the dopaminergic 
neurons of SN, as well as in other brain regions including the 
cortex and magnoceliular basal forebrain nuclei.^^^ A -major 
component of the Lewy body is a protein called a-synuciein/®^ 
Although mutations in the a-synuclein gene have been 
associated with rare familial cases of P.D,^"'°' a-synuclein is. 
found in all Lewy bodies, even in the vast majority of PD cases' 
without a-synuclein mutations. Thus, it may play- a central 
role in disease pathogenesis. Furthermore, transgenic animal 
models have suggested the involvement of a-synuclein in the 
etiology of PD."^'^2' ■ 

Oxidative stress and mitochondrial dysfunction have also 
been strongly implicated in PD pathogenesis. Oxidative stress 
results from increased production (or decreased detoxifica- 
tion) of extremely reactive free radicals, including reactive 
oxygen species (ROS) and peroxynitrite. Free radicals 
produce oxidative damage by reacting with DNA, lipids and 
proteins. ROS may be formed during a number of cellular 
processes, including mitochondrial oxidative respiration and 
dopamine metabolism. At several sites along the mitochon- 
dria! electron transport chain (ETC), there are sites of 'electron 
leak'. These electrons may combine with molecular oxygen 
and thereby form ROS, such as superoxide [O^") and hydro- 
gen peroxide (H2O2). Of particular relevance to PD, there is a 
site of electron leak within complex! of the ETC, proximal to the 
. binding site for inhibitors such as rotenone, (Fig. 3). Targets of 
oxidative damage may also include components of the ETC; 
this may set up a positive feedback loop of ETC inhibition, 
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Figure 1. Schematic diagram showing the nigrostriatal dopaminergic pathway, progressive degeneration ^of which leads to the major 
symptoms of PD. A cross section of the human brain shows the caudate and the putamen, which constitute the striatum. A section 
through the midbrain, shows the substantia nigra (SN). Dopaminergic neurons (red) whose cell bodies are located in the SN send 
projections that terminate and release dopamine in the striatum. With degeneration of the dopaminergic pathway, there is progressively 
less dopamine released in the striatum. Striatal dopamine deficiency, in turn, results in complex changes in the brain's motor circuitry 
and causes the motor deficits characteristic of PD. 



increased BOS production and furtlierETC inhiibition.^''^""'®^ In 
addition, tiie activities of tyrosine hydroxylase and monoamine 
oxidase, two enzymes involved In dopamine metabolism, 
produce H2O2 as a normal byproduct. IVloreover, auto- 
oxidation pf dopamine results in the formation of ROS,^''^' 
which can participate in a positive feedback loop responsible 
' "foT progressive oxidative damage.'"'^' Thus dopaminergic 
neurons and their nerve terminals, the primary targets in PD, 
- are believed to exist in a constant state of oxidative stress. 
Cellular free radical scavenging systems, including glu- 
tathione (GSH) and superoxide dismutase (SOD), can, to a 
large extent, .prevent ROS-ffom damaging cellular and 
mitochondrial structures. Partial inhibition of complex I at 
ETC greatly increases ROS production,'^^^ which may over- 
whelm such protective mechanisms. Conversely, depletion of 
. GSH can cause oxidative damage to complex I and a reduction 
in its activity.'''®' . - • . 

Oxidative stress-related .changes have been detected in 
brains of PD patients.^^'^ These include elevated oxidative 
damage to DNA, ■ proteins and lipids, decreased levels of 




Figure 2. Photomicrographs of human brain sections 
immunostained for the dopamine transporter (DAT)- Anti- 
bodies to DAT have been used as an indirect indicator of 
dopamine innen/ation of the. striatum. Sections are through 
the striatum and globus pallidus from a person without PD (A) 
and from a PD patient (B). Note the markedly reduced DAT- 
immunoreactivity in the PD brain section compared to the 
control. 
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Figure 3. Schematic diagram of tiie mitochondrial ETC. Note the site of complex I iniiibition by rotenone and IVIPP'*', and ROS 
production. Paraquat, due to its structural similarity to MPP"^, may also modify mitocHondrial function at complexji. 



reduced glutathione and increased SOD and monoamine 
oxidase (IVIAO) activity in PD SN. As suggested above, 
increased oxidative strjess has been attributed to reduced com- 
plex i activity of the mitochondrial eTC,'^'*'''^'''®' Of particular 
interest in this connection, therefore, is mitochondrial dysfunc- 
tion, which has been suggested to play an important role in PD 
pathogenesis. Several investigators have demonstrated re- 
duced levels of complex I activity in a variety of tissues from PD 
patientsinciuding brain, platelets, muscle, and fibroblasts. 
Furthermore, the toxic metabolite of 1 -methyl-4-phenyl-1 ,2,3,6- 
tetrahydropyridine (MPTP), 1-methyl-4-phenyl-2,3-dihydropyr- 
idinium ion (MPP.+), has been found to be a mitochondrial toxin 
■ that inhibits complex 1 of the ETC, possibly suggesting complex 1 
involvement in PD pathogenesis."^'^*' 

Despite years of research, however, the mechanisms res- 
ponsible for chronic, progressive degeneration of nigral 
dopaminergic neurons remain elusive. 

Why use animal models? 

Animal models are an important aid to study pathogenic 
mechanisms and therapeutic strategies in human diseases. 
Through the use of an animal model, the striatal dopamine 
deficiency was associated with symptoms of PD, and 
levodopa (dihydroxyphenylalanine or L-DOPA) was first used 
to compensate for striatal dopamine loss. L-DOPA therapy still 
remains the gold' standard of treatment of PD.^^^^ Prolonged 
use of L-DOPA however, commonly results in debilitating, 



Involuntary movement (dyskinesia), 'confounding the use- 
fulness of the drug. Moreover, the pathogenesis of PD is 
not well understood to this day. It is, therefore, of great 
importance to develop animal models for (a) better under- 
standing the pathogenesis of PD and i(b) discovering ther- 
apeutics to treat PD. 

The present review describes the use of pharmacological 
agents and environmental toxins to develop experimental PD 
models (Fig. 4) in a wide variety of species. The aim of these 
chemical compounds has been to disrupt the nigrostriatal 
dopaminergic pathway and thereby mimic the striatal dopa- 
mine deficiency observed in PD patients. More recently, the 
discovery of mutations in the ot-synuclein gene in a subset of 
PD patients has led to the development of genetically 
engineered flies and mice that overexpress the mutant human 
a-synuclein gene. 

As noted, animal models may be useful for studying 
pathogenic mechanisms, for testing therapeutic strategies, 
or both. As such, no single model is likely to be suitable for all 
studies. Animal models are valuable only to the extentto which 
they accurately simulate the pathogenic, histological, bio- 
chemical or clinical features of PD that an.investigator wants to 
examine. This review therefore discusses the advantages and 
disadvantages of the various animal models of PD and 
considers their potential roles in revealing the mechanisms 
responsible for PD pathogenesis, and for testing experimental 
therapeutics (Table 1). 
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Reserpine 

Methamphetamine 




Figure 4. Molecular mechanisms used to de- 
velop animal models for PD. Schematic diagram 
Illustrates site of action of pharmacological agents 
or genetic manipulations resulting in nigrostriatal 
degeneration and striatal dopamine depletion. 
The cell represents a substantia nigra dopami- 
nergic neuron with its cell body in the substantia 
nigra and its terminals in the striatum (see Fig. 1). 
Reserpine and Methamphetamine deplete dopa- 
mine at the nerve terminals, resulting in striatal 
dopamine deficiency. 6-OHDA can affect all 
catecholamine neurons; therefore, it is stereo- 
tactically targeted into the substantia nigra, the 
nigrostriatal tract oi" the striatum.' The neurotoxic 
effects of 6-OHDA are believed to involve 
oxidative stress-related mechanisms. MPP+, the 
active metabolite of MPTP, is selectively taken up 
by the dopaminergic neurons via its affinity for the 
dopamine transporter (DAT). IV1PP+ toxicity re- 
sults, from inhibition of complex I of the ETC and 
subsequent oxidative stress. The mechanism of 
action of paraquat is believed to involve oxidative 
stress; due to its staictural similarity to MPP+, its 
toxic Effects could be via the mitochondria. 
Rotenone, a potent inhibitor of complex I, is a 
lipophilic compound with easy access across the 
cell membrane. It is believed that rotenone- 
induced partial inhibition of complex I and the 
subsequent oxidative stress renders dopaminer- 
gic cells selectively vulnerable to chronic low 
levels of mitochondrial, dysfunction. Direct admin- 
istration of 3-NT into the striatum tests the 
involvement of oxidative stress, specifically per- 
oxynitrite, in nigrostriatal dopaminergic degenera- 
. tipn. Mutations in the a-synuclein gene, linked to 
a small group of familial PD cases, are suggested 
to play a role in neuronal degeneration and 
Increased protein aggregation. 



The Reserpine model 

Carlsson et al./^^^ observed that systemic administration of 
reserpine pauses depletion of brain catecholamines, leading 
to an al<iQetic state in rabbits. Furthemiore, they showed that 

— -b-DOFA administration ■ alleviated the reserpine-irjduced 
akinetic state, indicating that behavioral recovery is dopa- 

- mine-dependent. This led to the major hypothesis, later 
confirmed in humans.'^e) ^^^^ ^^^^^ symptoms of PD 
result from striatal dopamine depletioh.^^^* The discovery that 
striatal dopamine deficiency resulted in PD-iike symptoms 
prompted the development of the 'reserpine animal model'. 
Systemic reserpine administration depletes dopamine at the 
nerve terminals (Fig. 4) and induces a hypokinetic state in 
, rodents. These movement deficits are due to loss of dopamine 
storage capacity in intracellular vesicles.^^®' 

The principal drawback of this model is that reserpine- 
induced changes, are temporary and striatal reserpine ad- 
ministration does not induce morphologic changes in the 



dopaminergic neurons of the substantia nigra. Also, reserpine 
administration induces the release of other neurotransmitters 
that may not be directly implicated in PD. Nevertheless, this 
model has been used successfully to investigate the ther- 
apeutic effects of striatal dopamine replacement agents 
including L-DOPA and dopamine receptor agonists. The 
predictive value of symptomatic drug testing in the reserpine 
model is imperfect, however, since some drugs that reverse 
reserpine-induced locomotor deficits are ineffective in PD. 

Methamphetamine model 

The amphetamines are psychostimulatory drugs with addic- 
tive potential. Their activity is primarily associated to their 
dopamine-releasing mechanism.<2°'2'') At very high doses, 
amphetamine has neurotoxic effects on rodents and non- 
human primates.(3i-^' Like reserpine, methamphetamine 
(METH) administration results in dopamine depletion at the 
level of dopaminergic nerve terminals (striatum; Fig. 4) with 
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Table 1. Characteristics of animal models of Parkinson's Disease 

Pathogenic 

Model Symptoms Histopathology relevance 


A lications 
pp ica ions 


Oisadvantaqes 


Reserpine 


Akinesia, catalepsy 


None 


Pharmacological 


■ ■ 


Nonspecific liberation of 






dopamine 


tiierapies to improve 


monoamme^ 








depletion 
















hypothermia 


Methamphetamine 


No dear parkinsonian 


At very. high doses, loss of 


Dopamine-related 


Screen antioxidant 


Acute, limited 


symptoms 


TH in striatum; ?loss 


oxidative stress 






of dopamine cells in 




protect dopamine 


change 






SNo 








6-OHDA 


Unilateral: rotation 


Decreased striatal 


Oxidative stress 


Predinicaf testing of 


Acute; usually 




after apomorpbine; 


TH-lmmunoreactivrfy;- 




. therapies to improve 


unilateral 




Bilateral; al<inesia 


degeneration of 




symptoms; screen 


(hemiparkinsonian); 






TH-immunoreactive 




pharmacological and 


intrastriatal injection 






neurons in SNc 




genetic 


may 










therapies designed to 


produce more . .... • 










protect 


chronic ;-' 










dopamine cells 


degeneratioiS; 












. requires intracerebral 












injection 


MPTP 


.Akinesia, rigidity, 


Decreased striatal 


'Environmental' toxin; 


Preclinical testing of 






tremor in some 


TH-immunoreaotivlty; 


oxidative stress; 


therapies to improve 


non-progressive or 




species 


degeneration of 


inhibition of 


symptoms; screen 


reyersible; Indusion 




TH-immunoreactive 


mitochondrial 


pharmacological and 


bodies are rare 






neurons in SNc; some 


complex 1 


genetic 








loss of locus ceruleus 




therapies designed to 








neurons; a-synuclein 




protect 








aggregation 




dopamine cells 




Paraquat-Maiieb 


Decreased .locdmofor 


Decreased striatal 


Multiple environmental 






activity 


TH-immunoreactivlty 


toxins/pesticide 


and genetic therapies 


/ ■ investigated/ 






exposure; 


designed to protect 


described 








?oxidative stress 






Rotenone 


Akinesia, rigidity. 


Decreased striatal 


Chronic 


Screen pharmacological 


Labor- and ttme- 




tremor, flexed 


TH-lmmunoreactivity; 


'environmental' 


and genetic therapies 


Intensive; substantia! 




posture. 


degeneration of 


toxin; chronic 


designed to protect 






piioerection 


TH-immunoreactive 


oxidative stress; 


dopamine cells 


mortality 




neurons In SNc; some 


c/7ron/c inhibition of 










loss of locus ceruleus 


mitochondrial 










neurons; inclusions 


complex i 










reminiscent of Lewy 












bodies 








3-Nitrqtyrosine 


Amptietamine-induoed 


Decreased striatal 


Oxidative stress 


Screen antioxidant 


Not yet extensively 


rotation 


TH-imrnunoreactivit5^ 




therapies to 


' investigated/ 






degeneration of 




protect dopamine 








TH-immunoreactive 




cells 


intracerebral 














Transgenic 


Reduced or abnormal 


a-Synuclein-posttive 


Known pathogenic 


• Screen pharmacological 


Expensive and 


ot-Synuclein 


motor activity 


Irrtraneuronal 


mutations 


and genetic therapies 


time-consuming; 




inclusions; 




designed to protect 


rnice do not h^e 






degeneration of 




dopamine cells 


charactenstic PD 






TH-immunoreactive 












neurons observed in 






phenotype 






flies; modest 












decrease In striatal 












TH-lmmunoreaotivlty 












in mice 











minimal effect in the nigral cell bodies/*^^ However, unlike aspartate receptor, such as MK-801, are also capable of 

reserpine, the mechanism of METH action is unclear, indirect inhibiting METH-induced toxicity/^^'®^' The neuroprotective 

evidence suggests that IVIETH acts through the dopamine effects of glutamate receptor antagonists on the i\^ETH-modei 

receptor and transporter Since selective antagonists are able may be related to glutamate receptor-regulated dopamine 

to block its tdxicity/^"^'^ Antagonists of the N-methyl-D- release. ("^"^ In vitro studies have suggested oxidative stress, 
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via dopamine autoxidation, and excitotoxicity/*''^ as a result of 
perturbations in energy metabolism/'*^^ as some of the 
causative factors in the neurotoxic actions of METH. 

The major drawback of the IVIETH model is that the 
histological changes of PD, including degeneration of dopa- 
minergic neurons and presence of intracellular inclusions have 
not been documented. Furthermore, it is an acute model of 
striatal dopamine depletion. However, the METH model has 
been used extensively for biochemical and physiological 
studies of the dopamine-depleted striatum to better under- 
stand such changes in the PD brain. 

The S-OHDA model 

6-Hydroxydopamine (6-OHDA) was the first chemical agent 
discovered that had specific neurotoxic effects on catechola- 
minergic pathways /^^■'*'*> 6-OHDA uses the same catechola- 
mine transport system as dopamine and norepinephrine, and 
produces specific degeneration of catecholaminergic neu- 
rons. Systemically administered 6-OHDA is unable to cross 
the blood-brain barrier. To specifically target the nigrostriatal 
dopaminergic pathway, 6-OHDA must be injected stereotacti- 
caliy (Fig. 4) into the substantia nigra, the nigrostriatal trad or 
the striatum.'"*^-'^' Following e-OHDA^'^®-'*^ injections into SN 
or the nigrostriatal tract, dopaminergic neurons start degen- 
erating within 24 hours after, and striatal dopamine is depleted 
2 to 3 days later. ^'^^^ The magnitude of the lesion is dependent 
on the amount of 6-OHDA injected, the site of injection and 
inherent differences in -sensitivity between animal species. 
Extensive striatal dopamine loss (80-90%) is achieved in 
most studies and corro'sponds to specific behavioral changes. 
When, injected into th'e striatum,. 6-OHDA produces a slow, 
retrograde degeneration of the nigrostriatal system over a 
period of weeks.^'^) 

. Usually .6-OHDA is injected in one hemisphere while the 
other hemisphere serves as an internal control. Unilateral 
injections lead to asymmetric circling motor behavior after 
administration of dopaminergic drugs, due to physiologic 
imbaiance^between.the lesioned and the unlesioned striatum. 
Moreover this turning behavior can be quantified and corre- 

■'•--iares-'with degree of lesion.'^"*' Although 6-OHDA-ipduced 
lesions have been described in mice, cats, dogs, andmonkeys, 
rats are most commonly used because of established 
stereotactic techniques and relatively low maintenance costs. 

There is ample evidence for the- involvement of oxidative 
stress in G-OHDA-induced neurotoxic effects. It has been 
reported that 6-OHDA-induced degeneration involves the 
generation of hydrogen peroxide and hydroxyl radicals in the 
presence of iron.^'^^ The fact that intranigral injection of iron 
. produces similar neurotoxic effects as 6-OHDA may suggest a 
Vole for iron in S-OHDA-induced degeneration.*'^^^ In addition, 
studies have demonstrated that 6-OHDA leads to reduction in 

• GSH and SOD activity*^°' and an increase in malondialde- 
hyde'^^^' levels in the striatum. It has also been shown that 



6-OHDA is toxic to mitochondrial complex I and leads to 
production of superoxide free radicals. ^^'^■^2) The partial, or 
even complete, prevention of neurotoxic effects of 6-OHDA 
and iron by prior administration of iron chelating agents,^^> 
vitamin e'''^°"'^'*' and the MAO-B inhibitor, selegiline,^^> may 
also be regarded as indirect evidence for the formation of free 
radicals and involvement of oxidative stress. 

The 6-OHDA model does not mimic all the clinical and 
pathological features characteristic of FD. 6-OHDA does not 
affect other brain regions, such as locus coeruleus, nor does it 
result in formation of cytoplasmic inclusions (Lewy bodies) lil<e 
those seen in. PD. Furthermore, the acute nature of the 
experimental model differs from the progressive degeneration 
of the dopaminergic nigral neurons in PD. 

Despite these limitations, the 6-OHDA lesion model has 
been used to ascertain the efficacy of antiparkinsonian 
compounds.^'^^' Additionally, this experimental model has been 
useful for evaluating the efficacy of cell transplantation, and for 
testing neurotrophic factors, compounds that promote sun/ival 
of the degenerating dopaminergic nigral neurons in PD.^^®' . 

The MPTP model 

Inadvertent injection of 1 -methyl-4-phenyl-1 ,2,3,6-tetrahydro- 
pyridine (l\/1PTP) resulted in clinical symptoms remarkably 
similar to sporadic PD in humans.^^^' Researchers have 
capitalized on this discovery to develop an animal model of 
PD. After administration, MPTP crosses the blood-brain 
barrier and is metabolized in astrocytes to its active metabolite, 
1-methyl-4-phenyl-2,3-dihydropyridinium ion (MPP+), by 
monoamine oxidase-B. MPP* is selectively taken up into 
dopaminergic neurons via its affinity for the dopamine trans- 
porter (Fig. 4), and is thus selectively toxic to dopamine 
neurons. MPP+ toxicity is believed to result from inhibition 
of complex I of the mitochondrial ETC (Fig. .3) leading to 
oxidative stress, f^®'^'*^ This mechanism of action of MPP+ 
suggested a role for mitochondrial dysfunction in typical PD. 
Subsequently, PD patients were found to express systemic 
reductions in complex I activity. 

MPTP administration is one of the most common animal 
models used to study PD. Exposure to MPTP results in nigro- 
striatal dopaminergicdegeneration in anumberofspecies,'^'''^^* 
including mice, cats, and primates. Susceptibility to MPTP 
varies across species and strains of animals. For unknown 
reasons, rats are resistant to MPTP toxicity and mouse strains 
vary widely in their sensitivity to the toxin. MPTP is usually 
systemically administered (subcutaneous, intraperitoneal, in- 
travenous or intramuscular). Maintaining bilaterally lesioned 
animals, especially primates, can be difficult as these animals 
may need to be maintained on levodopa or other dopaminergic 
drugs to enable them to eat and drink adequately.<®°> Unilateral 
intracarotid infusion of MPTP is another method employed in 
non-human primates wherein the symptoms are expressed 
mainly on one side, which enables the monkey to maintain 
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norma! nutrition and liydratlon without medication.^®^^ Various 
doses and regimens of MPTP administration (acute versus 
ctironic) are used by different laboratories.^®^^ 

Acute MPTP exposure results in specific degeneration of 
tlie nigrostriatal dopaminergic pathway with 50% to 93% cell 
loss in the substantia nigra pars compacta and more than 99% 
loss of dopamine in the striatum.^^' However, there is 
substantial inter-animal variability in terms of effective doses 
and reversibility of clinical symptoms. In primates, MPTP 
exposure mimics the behavioral characteristics of PD, includ- 
ing bradykinesia, and rigidity;^^^' however, development of 
tremor is species-dependent. Neurochemical changes follow- 
ing MPTP exposure include decreased levels of dopamine and 
its metabolites inthe striatum-,^^' increased oxidative damage 
as evidenced by increased lipid peroxidation,^^^^ increased 
3-nitrotyrosine levels, and diminished concentrations of antio- 
xidants, such as GSI-i.^^®^ a-Synuclein-positive aggregation in 
nigral cells of baboons has been observed following MPTP 
exposure.^^''' The aggregates, however, were unlike the Lewy 
bodies characteristic of PD pathology. 

There are some limitations of the MPTP model of PD. Most 
protocols of MPTP administration utilize acute drug treatments 
and fail to mimic the progressive nature of PD, More chronic 
MPTP treatment may overcome this limitation; however, long- 
term administration of MPTP, in smaller doses, has resulted in 
recovery of motor behavior deficits in marmosets once the 
treatment is stopped. Additionally, the MPTP model does not 
directly address the involvement of systemic mitochondrial 
impairment' in PD, MPP-i- inhibits complex I activity solely in 
cells expressing the dopamine transporter, i.e. dopaminergic 
cells. Thus, this model only tests the hypothesis that complex 1 
dysfunction, limited to dopaminergic neurons, is toxic to 
dopaminergic neurons. 

The MPTP model of PD has been invaluable in studying the 
mechanisms of PD pathogenesis. For example, this model 
suggested a role of mitochondrial dysfunction and environ- 
mental exposures in the etiology of pdS^^^ MPTP has also lent 
support to the oxidative stress model of PD, and has provided 
clues to the mechanism of cell death in PD. This model has 
also been useful for testing potential neuroprotective thera- 
pies, including drug treatments and dietary alterations, in 
preventing nigrostriatal dopaminergic degeneration. 

Because monkeys have a motor repertoire similar to 
humans, the clinical features of MPTP-induced parkinsonism 
are strikingly similar to human PD. As such, MPTP-treated 
monkeys have provided an important way to test new 
symptomatic therapeutic strategies, including drugs, trans- 
plants, and gene therapy. Currently there Is no better, or more 
predictive model for this purpose. 

Paraquat and Maneb 

Exposure to the herbicide 1,1'-dimethyl-4,4'-bipyridinium, or 

paraquat (PQ), has emerged asaputative riskfactorfor PDon 



the basis of its structural similarity to MPP"^, the active 
metabolite of MPTP, PQ does cross the blood-brain barrier, 
although slowly, and to a limited extent. When injected sys- 
temically into mice, it causes a dose-dependent decrease 
in dopaminergic nigral neurons and striatal dopaminergic 
innervation, followed by reduced ambulatory movement.'''°K^ 
The mechanism of action of PQ is believed to involve oxidative 
stress and due to its structural similarity to MPP"*", its toxic 

effects could be via the mitochondria (Figs. 3 and 4) 

PQ, however, is only one of the many agricultural chemicals 
known to impact the dopamine systenis adversely. Manga- 
nese ethylenebisdithiocarbamate, or maneb, which is used in 
overlapping geographical areas with PQ. has been shown to 
decrease locomotor activity and potentiate MPTP effects,*^''' 
suggesting that exposures to mixtures of chemicals may also 
be relevant etiologicaliy. Indeed, combined PQ and ManeB'' ' 
exposures produced greater effects on the dopammergic sys- 
tem then either of the chemicals alone. ^''^^ The paraquet and 
maneb models give credence to the theory that environmental 
toxins and pesticides might have a role in PD -pathogenesis. 
Further investigations using these pesticide models will help to 
determine the Involvement of environmental exposures in the 
pathological, biochemical, and clinical symptoms of PD, 

Hotenorte model / 
The role of environmental toxins and complex i dysfun&tlon in 
PD is further delineated by a recent study that describes a 
novel model of PD based on chronic Systemic exposure of rats 
to rotenone, a pesticide and.potent-inhibitor of complex 1.'^'^' A 
naturally occurring compound, rotenone is commonly used as 
an "organic" insecticide and to kill nuisance fish in lakes. 
Additionally, rotenone is a lipophilic compound that easily 
crosses the blood-brain barrier. Chronic exposure to low 
doses of rotenone resulted in uniform inhibition of complex I 
throughout the rat brain. In this way, rotenone exposure differs 
from that of MPTP, which selectively inhibits complex I in 
dopaminergic neurons due to its dependence on the dopamine 
transporter (Fig. 4), Despite this uniform complex I inhibition, 
rotenone caused selective degeneration of the nigrostriatal 
dopaminergic pathway (Fig. 5), selective striatal oxidative 
damage, and formation of ubiquitin- and a-synuclein-positive 
inclusions in nigral cells, which were similartothe Lewy bodies ■ 
of PD. Behaviorally, the rotenone-exposed rats were hypoki- 
netic with aflexed posture similartothe stooped posture of PD 
patients. Some developed severe rigidity and a few had 
spontaneously shaking paws that were reminiscent of resting 
tremor in PD. 

The rotenone model shows that the features of PD can be 
produced by systemic complex I inhibition. This indicates that ■ 
the nigrostriatal pathway is intrinsically and selectively sensi- 
. tive to complex I dysfunction. The previously described 
occurrence of conripfex I dysfunction in PD may further link 
environmental toxins to the pathogenesis of PD. Many other 



314 BloEssays 24.4 



Review articles 




Figure 5- Photomicrographs of rat brain sections after rote- 
none administration. Sections through the striatum (A) and 
the substantia nigra (B) stained for tyrosine hydroxylase, the 
rate-limiting enzyme in dopamine synthesis. Note the mark- 
edly reduced TH-immunoreactivity in the rotenone-infused 
striatum (right) versus the vehicle-infused striatum (left). 



environmental agents; iri addition to IVIPTP and rotenone 
(Fig. 3), affect mitochondrial function at complex 1 Further- 
more, complex 1 impairment may predispose neurons to 
excitotoxicity and oxidative damage, both of which have been 
implicated in poP^-^^ 

The rotenone model appears to be an accurate model in 
that systemic-complex I Inhibition results in specific, progres- 
sive and chronic degeneration of the nigrostriatal pathway 
similar to that observed in human Parkinson disease. It also 
reproduces the neuronal inclusions and oxidative damage 
_seenJrK PD. Thus, the rotenone model recapitulates most of 
the mechanisms thought to be important in PD patiipgenesis. 
For this reason, neuroprotective drug treatment trials in this 
model maybe more relevant to PD than other, more acute 
model systems. The major disadvantages of this model are its 
labor-intensive nature and its variability, with some animals 
showing lesions and others not. In addition the sick, bilaterally 
lesioned animals are difficult to maintain, as with animals 
treated bilaterally with 6-OHDA or MPTP. 

■■The 3-iiitrotyrosine model 

A recent animal model was developed to further understand 
the role of oxidative stress in PD pathogenesis.*''®' As 
mentioned earlier, oxidative DNA and protein damage and 



lipid peroxidation are observed in brains from PD patients/^^' 
Antioxidants and free radical spin traps attenuate MPP+ 
toxicity in animal models/^^-^®' suggesting the involvement of 
free radicals in neuronal degeneration. Recent evidence has 
implicated peroxynitrite (ONOO"") formation in PD pathogen- 
esis. Peroxynitrite is a highly reactive oxidant formed by the 
reaction of nitric oxide with superoxide anion. Reaction of 
proteins with peroxynitrite results in the modification of proteins 
at tyrosine residues (3-nitrotyrosines)-®°' and nitrated 
a-synuclein is more prone to aggregation than unmodified 
protein.*?''^ Furthermore, brains from PD patients show 
elevated 3-nitrotyrosine,*®^> suggesting protein nitration may 
also play a role in the neurodegeneration in PD. 

This novel animal model of PD was designed to directly test 
the Involvement of oxidative stress, specifically due to perox- 
ynitrite, in the etiology of PD. Injection of free 3-nitrotyrosine 
(3-NT) into the striatum (Fig. 4) of mice resulted in loss of 
striatal tyrosine hydroxylase-positive terminals, loss of dopa- 
minergic neurons in SN, and motor abnormalities.*''®' Thus, 
these experiments, demonstrated that free 3-nitrotyrosine 
caused neurodegeneration in an animal model. There are 
some limitations to the S^nitrotyrosine model of PD, however. 
Acute exposure to 3-nitrotyrosine fails to mimic the progres- 
sive nature of sporadic PD. Additionally, it is still not known 
whether intrastrlatal injection of free 3-NT induces the protein 
aggregation and cellular inclusions associated with PD. 
Despite some limitations, this novel model of PD, based on 
oxidative stress, is useful for understanding mechanisms of 
PD; etiology and has the potential for use in screening putative 
antioxidant therapies. 

Genetic motSels of Parkinson's disease 

The majority of PD cases are sporadic and do not result from 
obvious genetic defects. A small percentage of patients have a 
familial form of PD, however, usually marked by earlier 
disease onset. Mutations in three different genes, including 
a-synuclein, have been associated with familial pd.*''°'S3"S5) 
Since a-synuclein is a major component of Lewy bodies, and 
mutations in a-synuclein may result in nigrostriatal dopami- 
nergic degeneration (Fig. 4) in familial PD, animal models have 
been developed to investigate the role of .a-synuclein in 
the etiology of PD. These model systems have focused on the 
use of transgenic mice or Drosophila, which express the wild- 
type or mutated a-synuclein. 

Transgenic mice overexpressing human a-synuclein de- 
monstrate a number of features of PD, including loss of 
nigrostriatal dopaminergic terminals in the striatum, develop- 
ment of a-synuc!ein and ubiquitin-positive cytoplasmic inclu- 
sions, and motor impairments.*"' The inclusions observed in 
these animals lacked fibrillar organization, which is .character- 
istic of the Lewy bodies obsen/ed in PD. Some inclusions were 
also present in the nucleus, a feature not seen in PD. 
Dopaminergic and behavioral defects were only observed in 
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the high expressing line of transgenic mice, suggesting that a 
critical threshold of a-synuclein expression maybe required for 
the dopaminergic and behavioral abnormalities. Other trans- 
genic mice had a-synuclein-positive inclusions and motor 
deficits, but there was no evidence of nigrostriatal dopaminer- 
gic degeneration. In fact, in these mice, neurons of the brain- 
stem and motor neurons were most vulnerable. Similar 
pathology was observed in mice expressing wild-type and 
mutated forms of a-synuclein.'®®' 

Another interesting genetic approach to studying PD 
involves expression of normal and mutated a-synuclein in 
Drosophila. These flies demonstrate many features of PD 
including dopaminergic cell loss, filamentous intraneuronal 
inclusions and motor defects.^''^^ Because of the well- 
characterized Drosophila genetics and the short lifespan of 
flies, this model offers a valuable opportunity to uncover novel 
proteins Involved in PD pathogenesis. For example, this 
approach may uncover suppressor genes that prevent do- 
paminergic degeneration or susceptibility genes that exacer- 
bate the effects of a-synuclein expression. 

Animal models based on the transgenic expression of 
wild-type and mutated a-synuclein provide an important 
opportunity to study the involvement of a-synuclein in PD 
pathogenesis. However, there are some limitations to the use 
of transgenic a-synuciein. models. Not all transgenic mouse 
models demonstrate key features of PD, such as nigrostriatal 
dopaminergic degeneration. Furthermore, it should be kept In 
mind that one of the mutations associated with human PD is 
normally expressed in nriice.^^^' Despite these limitations, 
transgenic a-synuclelh mice provide an excellent model sys- 
tem for studying the formation of a-synuclein-positive protein 
aggregates. This issue warrants detailed investigation since 
protein aggregation is associated with a number of neurode- 
generative disorders. Additionally,"* these transgenic mice 
provide accurate models for examining the interplay between 
genetic mutations and environmental exposures in the 
etiology of PD. For example, transgenic a-synuclein mice 
can be used to demonstrate sensitivity to various environ- 
mental toxins. Such studies may uncover important contribu- 
tions of genetic and environmental interactions to PD. 

PD has also been associated with parkin and UCH-U 
mutations,'®^'®^'^®'^^' indicating that the ubiquitin and protea- 
some pathways deserve intensive investigation. Development 
of good transgenic models will facilitate this line of investigation. 

Relevance of the experimentai models of PD 

Parkinson's disease develops gradually with the typical symp- 
toms becoming fully expressed over a long period of time. A 
number of animal models of PD have been developed to 
understand the pathogenesis of this disease, as well as to test 
potential therapeutics. Each model system has advantages 
and disadvantages as discussed throughout this review and 
as summarized in Table 1 . Many models of PD use acute toxin 



exposure to induce destruction of the nigrostriatal neurons. 
Although the relevance of these acute models to PD patho- 
genesis is uncertain, they can be used to screen drugs for 
symptomatic treatment of the disease. Transgenic models are 
useful for evaluating the role of genetics in PD. The choice of 
model to be used depends upon the goals of the particular n 
experimental paradigm and the questions being asked. 
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Human idiopathic Parkinson's disease (PD) is a pro- 
gressive neurodegenerative disorder that is primarily 
characterized by degeneration of the dopaminer- 
gic neurons of the nigrostriatal pathway. Different 
B-OHDA rat models of PD have been developed in 
which this toxin has been injected into different parts 
of the nigrostriatal pathway: (a) the medial forebrain 
bundle which leads to extensive dopamine (DA) deple- 
tion; (b) the substantia nigra pars cpmpacta, which 
leads to more specific and moderate DA depletions; 
md-fc) subregions of the caudate^putaaien complex 
(CPu), which alsoTEeads to specific DA depletions. In 
this article we review the dopaminergic depletion and 
behavioral consequences of 6-OHDA lesions in the rat. 
It was examined whether the relation between DA 
depletion and behavioral deficits.mindc idiopathic PD. 
In addition, it was evaluated which model most closely 
approximates the human situation, especially in rela- 
tion to the stage of this progressive disease. It was 
concluded that with respect to the site of the lesion, 
rats with partial lesions of the ventrolateral CPu are 
the most appropriate models to study early and late 
stages of PD, The choice of the behavioral parameters 
determines the use of xmilateral or bilateral lesions, 
although it is obvious that the bilateral model mimics 
the human situation more closely, s 2002 Elsevier 

Science (USA) 

Key Words: 6-hydroxydopamine; rati animal model; 
Parkinson's disease; striatum; substantia nigr^ me^ 
dial forebrain bundle; dopamine; behavioi^ motor 
function. 



INTRODUCTION 

Idiopathic Parkinson's disease (PD) is a neurodegen- 
erative disease that affects approximately 1% of the 

'To whom correspondence and reprint requests should be ad- 
"■ressed. E-mail: Jos.Prickaerts@ap.unimaas.nl. 



U.S. population over the age of 55 (6). In 1817 James 
Parkinson described the motor disorder that now bears 
his name (46). PD or paralysis agitans is a progressive 
degenerative disorder. The types of symptoms present 
and their severity depend significantly on the length of 
time since onset, the rapidity of functional decline, and 
whether the patient received medication. The move- 
ment disttirbances can be separated into positive 
symptoms (behaviors that do not likely occur' in 
healthy people) and negative symptoms (deficits in Or 
loss of a normal behavioral capacity) (35). The positive 
motor symptoms of PD are a"tremdr~at"lnest7mi^^^ 
rigidity, and involuntary movements Aae to l-DOPA 
treatment; the negative motor symptoms are bradyki- 
nesia (poverty or slowing of movement) and postural 
distTirbances. Apart firom the itnotor defiicits patients 
with PD often exhibit cognitive dysfunction as well. In 
the most extreme cases, the individual suffers from 
dementia (a severe impairment of memory, abstract 
thinking, language, and other cognitive processes). 
Also, in approximately 40% of PD patients depressive 
symptomatology has been found (18). 

Although PD has an unknown etiology, postmortem 
studies have established degeneration of nigrostriatal 
dopamine (DA) as the hallmark of idiopathic PD (34). 
However, the exact threshold of nigrostriatal DA dys- 
function for the clinical expression of parkinsonism is 
not known. Before symptoms of PD become apparent, 
50-60% of the neurons in the substantia nigra (SN) 
and about 20% of the DA innervation in the putamen 
can still be foxmd (33). Because of compensatory phe- 
nomena, this substantial (approximately 80%) loss of 
DA levels in the striatum is thought to be necessary 
before symptoms become obviously manifest (28). 
Therefore, the diagnosis of PD can only be made when 
the individual has already had the disease for a certain 
time. The nigrostriatal system presumably has consid- 
erable reserve capacity to endure deficits of over 50% 
without symptomatic manifestation. Compensatory re- 
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by the surviving dopaminergic neurons and 
also by the postsynaptic cells in the striatum help 
mitigate the progressive loss of DA innervation. Com- 
pensatory responses by afferents to the dendrites of 
dopaminergic neurons in the substantia nigra (SN) 
have been reported as well (3). An increased metabohc 
turnover and hence heightened activity of the remain- 
ing dopaminergic cells is one type of compensatory 
response. A second type of compensatory response is an 
increased postsynaptic DA receptor density and/or sen- 
sitivity. Postmortem brain studies generally indicate 
modest but significant increases in Dj and Dj receptor 
bmding in the putamen of PD patients (59). Based on 
• numerous animal studies, such changes are thought to 
be a type of denervation supersensitivity. The severe 
akinesia observed at later stages of the disease is com- 
monly associated with an average loss of neurons in 
the SN m the range of 60-80%. In addition, DA levels 
are reduced by over 95% in putamen, but only by 
60-90% m the caudate nucleus (8). 

The nigrostriatal dopaminergic pathway consists of 
the A9 cell group, which is located in the substantia 
mgra pars compacta (SNC). The axons of these neurons 
run along the medial forebrain bundle (MFB) and ter- 
minate in the dorsal striatum. The striatal complex can 
be divided into a dorsal part (nucleus eaudatus and 
putamen) and a ventral part (including the nucleus 
accumbens). In the human brain, the nucleus eaudatus 
and the putamen are segregated anatomically by the 
. mtemal capsule. In contrast, the rat brain lacks such 
an . anatomical segregation and therefore the brain 
structure is referred to as the caudate-putamen com- 
plex (CPu). Because of extensive loss of dopaminergic 
neurons of the A9 cell group in PD, there is a dramatic 
decline m striatal DA, leading to the motor impair- 
ments. In addition to the SNC, there is also significant 
degeneration within the midbrain A8 (retrorubral area 
projecting to the ventrocaudal putamen) and AlO (ven- 
tral tegmental area, VTA, projecting to the nucleus 
accumbens) dopammergic ceU groups (30). Because of 
the topographic projections of the AS, A9, and AlO cell 
groups, the dopaminergic pathway to the putamen is 
more heavily damaged than the corresponding path- 
way to the nucleus eaudatus and the nucleus accum- 
bens. PD is often thought of as a DA-specific disorder 
However, numerous histological studies have demon- 
strated loss of cells in a rm-mhAr »f r.n^^ppa 



THE 6-OHDA RAT MODEL OF PAKBINSON'S DISEASE 

_ Experimental models of PD are needed to gain in 
sights mto the possible pathological mechanisms of tt 
disease. In addition to this function, they are essenti i 
m the development and testing of new therapeuti 
strategies, whether pharmacological or otherwise h 
modeling PD a major advance came with the introduc 
tion of the catecholamine neurotoxin 6-hydroxydoTia 
mine (6-OHDA) (27). This molecule is transported into 
the cen bodies and fibers of both dopaminergic and 
noradrenergic neurojis..Jt£auses degeneration of ner?f. 
teiminals and can also affect cell bodies, particular^ 
when administered to the cell body regions. 6-OHDA 
iieurotoxicity is based on its potent inhibitory effect on 
the mitcchondrial respiratory enzymes (chain com 
plexes I and IV) (24). Due to metabolic deficits of the 
blockade of these enzymes, the neurons can no loneer 
exert then: normal physiological functions and conse- 
quently they die (for a rfecent overview see Ref 10) 
Since m PD it is mainly the dopaminergic nigrostriatal 
pathway that is subject to degeneration, animal models 
have been developed in which 6-OHDA lesions of the 
dopaminergic system were made. Reasonable selectiv- 
ity for DA is achieved by pretreating the subjects with 
desunipramme, a noradrenalin transporter blocker 
that inhibits 6-OHDA uptake into the noradrenergic 
neurons. Further selectivity for the nigrostriatal tract 
can__b.e achieved by injecting the-toxin- directly into 
distmct parts of this ascending pathway. 

In the prechnical research of PD, rat models have 
been widely used in which 6-OHDA was injected into 
either one of three target sites. 6-OHDA was injected 
into the SNC, MFB, or the CPu. It remains obscure,, 
however, which of these models is most appropriate in ^ 
modeling PD. To model PD the animal model must 
mimic both the dopaminergic cell loss and the behav- 
ioral deficits associated with 'idiopathic PD. When a 
model is obtained that meets this standard, insights 
mto the possible pathological' mechanisms of the dis- 
ease might be obtained and neuroactive agents can be 
tested that might alleviate PD symptomatology. 



cell populations, including noradrenergic neurons of 
the locus coeruleus (LC) and dorsal vagal nucleus 
serotonergic neurons of the dorsal raphe, and cholin- 
ergic neurons within the substantia innominata (par- 
ticularly in the nucleus basalis of Meynert) and in the 
pedunculopontine nucleus (30, 31). Damage to these 
important neuronal systems may play a significant role 
m some of the non-movement-related aspects of PD 
(e.g., cognition and depression). 



Injection of 6-OHDA into the MFB 

The animal model of PD that to this day undoubtedly 
has contributed the most in preclinical PD research is 
^^ ^/^^■"^^^ ^ unil a teral 6-OHDA le sion of the MFB 
-(62.). Injection oi 6OTnAlnirffii~ffiFB unilaterair" 
can cause a total destruction of A9 and AlO ceir groups 
(48), resulting in the following well-described syn- 
drome: (a) near total depletion of DA in the ipsilateral 
CPu, (b) denervation supersensitivity of the postsyn- 
aptic DA receptors in the ipsilateral CPu, and (c) a 
characteristic turning behavior in response to both i>- 
amphetamine and apomorphine (see Pig. 1). The com- 
pletely lesioned (A9 and AID) hemiparkinsonian (i.e-> 
parkinsonlike syndrome induced in one hemisphere) 
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FIG. !• Diagram of the nigrostriatal pathway and rotational 
responses produced by apomorphine (contralateral rotations) and 
j-amphetainine (ipsilateral rotations). Shaded areas in the left stri- 
atum indicate the loss of DA due to a MFB injection of 6-OHDA. 
Abbreviations: RS, right striatum; LS, left striatum; R MFB, right 
nedial forebrain bundle; L MFB, left medial forebrain bundle; 
6-OHDA, 6-hydroxydopamiae; R SN, right substantia nigra; L SN, 
left substantia nigra [adapted from (47)]. 



rat exhibits more extensive neurodegeneration than is 
3een_in. human idiopathic PD (see Eef. 48). In contrast, 
ahemiparkinsonian- rat model that is characterized by 
unilateral destruction of only the nigrostriatal (A9) 
pathway while leaving the mesolimbic (AlO) pathway 
intact parallels more closely the extent of neurodegen- 
eration seen in human idiopathic PD (48). This was 
investigated by Perese et al. (48) using a selective le- 
sion of the A9 pathway which was almost complete, i.e., 
tissue DA content in the lesioned CPu was reduced 
with more than 99%. The selective (A9) versus total 
(A9 and AlO) lesion was achieved by a different loca- 
tion of toxin injection and a different concentration. 

Unilaterally lesioning the MFB causes a striking 
syinmetry in the motor behavior of the rats. Following 
iirdlatera.1 MFB lesioning, rats initially tend to txim 
preferentially" toward the side of the lesion, a postural 
motor asyrometry of behavior that may recover only 
slightly if the depletion is near total. When challenged 
with drugs acting on the DA system they will display 
active rotational behavior (63). An imbalance in DA 
activity between the two striata causes the rotational 
ssyiQjiietry. Thus, the animal rotates away from the 
Side of greater activity (65). Subcutaneous administra- 
fioii of the DA-releasing agent D-amphetamine creates 
5 Da imbalance that favors the nonlesioned nigrostri- 
atal projection and thus produces ipsilateral rotations 
'See Fig. 1). This imbalance can be detected even in 
rats with 50% sparing of nigral dopaminergic neurons, 
^ measured with tyrosine hydroxylase (TH) immuno- 
'^ytochemistry (26). The postsjmaptic agonist apomor- 
Pliine induces rotation contralateral to the lesioned 



side (see Fig. 1) because of a stimulation of denerva- 
tion-induced upregulated D2 receptors in the dener- 
vated striatum (65). Postsynaptic supersensitivity oc- 
curs only after most of the dopaminergic neurons in the 
SNC (approximately 90%) have been eliminated (26). 
At lower levels of .cell loss compensatory increases in 
DA synthesis by spared dopaminergic cells in the SNC^ 
(1) or high levels of endogenous DA in the extracellular 

development of supersensitivity. Eats with more re- 
stricted lesions of the SNC show no rotational as3?m- 
metry in response to apomorphine (26). Consequently, 
in many studies the two rotation-inducing agents D- 
amphetamine and apomorphine have been used to be- 
haviorally assay the extent of neuronal loss following 
lesions of the SNC (e.g. Ref. 12). It has been demon- 
strated that rats, which are moderately lesioned (with 
a 75-90% reduction in dopaminergic fiber density in 
the CPu), rotated on D-amphetamine but not on apo- 
morphine (29). However, it has to be noted that control 
rats which received no lesions were often seen to rotate 
extensively on D-amphetamine. Although it has not 
been reported, this might be due to a natural imbal- 
ance in DA between the two CPu complexes (cf. Ref. 
19). However, such an explanation was not discussed 
(29). More extensive lesions of the CPu (>90% reduc- 
tion in CPu dopaminergic fiber density) and concomi- 
tantly SN (>50% depletio.n of dopaminergic neurons) 
are required to generate rotations demonstrabie with'S" 
low dose of apomorphine but not with D-amphetamine. 
It was therefore concluded that apomorphine, rather 
than D-amphetami.ne, is a better predictor of extensive 
lesions of the CPu produced by 6-QHDA (29). 

It has been shown that a unilateral injection of 
6-OHDA into the MFB resulted in rats that either 
rotated after the administration of apomorphine, .Apo 
(-I-), or did not rotate after the administration of apo- 
morphine, Apo (-) (6). In the Apo (+) rats a 99.8% 
depletion of DA tissue content in the CPu and an 85% 
depletion of DA tissue content in the SN were demon- 
strated. For the Apo (-) rats the striatal and nigral DA 
tissue contents were about 75 and 55%, respectively. 
These results confirm the conclusion that apomor- 
phine-induced rotational behavior is a good indicator of 
extensive CPu lesions by 6-OHDA. These complete and 
partial unilateral depletions of the MFB impaired the 
hierarchic phases of paw reaching differently as mea- 
sured .in a skilled motor task in which animals have to 
reach for a food reward using fine, controlled move- 
ments of the forepaw (staircase test, see Table 1). Bar- 
neoud et al. (6) reported that a complete DA depletion, 
but not a partial one, decreased the number of at- 
tempts made with the contralateral paw and induced a 
bias toward the ipsilateral paw, i.e., the ipsilateral paw 
was preferentially used by these rats as has also been 
found recently by Dunnett et al. (32). A partial DA 
lesion impaired the sensorimotor coordination of both 
paws. 
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Procediire as described ybyEllenbroek et al Thi- J w 7 retraction test 
.frame mth four holes. Two holes are for thelorelimbs of the ratSd' t^P oTt" ^Z'' ^^^/^f ^^^'1*" °^ ^ Polyvinylchloride (PVC) 
^^^^li.bs:i..he«es..he.atisMeased^^^^^ 

Procedure as described by Li^daer S)™Ts a 2t^Jl S direcfaom and hoth paws are counted, 
gerttly pushes the rat laterally. The ^SSrS^S aitoS?.t!S ^hTw T ^ "^"^ °^ and 

moyed is counted for hoth directions atfjustm-ent steps with the forelimb on tJie side to ivMch the rat is being 



Procedure as described by Montoya et dl tm Thic, id a f^"^^^ , ^ 

■chaniber with a hinged M. tXs cha^S S^ito-S.S:,^*^^!?^'''- .'^^f '^^'^^^^^ °^ ^ P-«P- 

connected, creating a troush on &m,e^r^l n.^^ compartment with a central raised platform running along its length is 
reaching into the left tZg SdtS ^^^ f^^^^^X' T P^^^r 
bo., sHding into the troughs on eith^S^e tn^Mfort ct ~ei^^^^ ItT " ^'^^ 
two saccharin-iavored pellets are placed in each wenThe n^^ W riit ! ^ °l ^® staircase contains- a smaU well, aad 

-grasping-and retrieving &e;peU6ts- Th™Lr oTsL. from w^^^^^^^ ^"^""^ P^^'^ ess Ib 

■xeach the food .and ho^far .^e rat -can rea^ tL nSer oLTS ill ? ^^T^^<^ P^<^des an index of the attempts to 

compa^ma^t -indicates aMdk of sensorimSr I^^SSo" il^-?4t?r^"^^^^^ 

■Procedure .as described hy Un-erstedt (65) ^^h^T.tl^'l f ^-^^P^^tamme-induced rotations ' 



LocoEBtoifeor aciayilgr 



"^S^^SSSiSI^SlStS^ each 
Animals are trained to hold down the levfrAfer tL Sls^^^^^ ^ f Hiagazme is located to the right of the lever, 

■rats ha.e -to release the W -.-ithin 7?o ms ^Jt t re^r^S W^^Tf ' ^ ^^^^^^ 

.orrect and incorrect (premature lever release or lever rekiSSS^^^^-f Sd^^^^ " ' ^ "'^'^ °' 

*r%^= ^o <. j:- 7 -17 1 , -^i^®"^ *"^*^o (j^) bar-presBing task 

""eierSrSStSitaTt^^^^^^^ 

schedule, Bameoud et al. m to r^B^JZffZ^^^i^ti^f'^'^'' ~ ^''^^ '^^^'^ ^^^^^^^ ^^^^ 10 

swimming distance and swLning veS Se melsi^edTnLl ^ escape platform (about 10 cm in diameter). Parameters as 
spatial ■le™g<cognitionT^Era^~iri^ Q^dden Platform helow water .surface) measures 

fenctibn. '^°"^'^^''°''™^^'=^*^^Pl^*&^^s visible above the water surface assesses 

Broeedure as describ ^ri .q.>,.7i.^ „7 a.- . ^^^elimb use asymmetry test 

■-isiii^^^'t^fd^StS^Si^^^ 

use of the paws . during these movements is deS^ed ^ rearmg and landmg. The percentage of simultaneous and asymmetric 



pairments in mG^em^ate of sponWous food W ^ ?f ^ ^"'^ 
W been reported Sie?StTX IS^^ Sf ^^^^^^^ if ^''^"'^ '^"^ 
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95% tissue DA content depletion in the CPu were 
laired in the rate of acquisition in botli versions of 
lylorris water task, although they were eventually 
to learn both versions, i.e., to locate the escape 
^latforn^- These results suggest that unilateral de- 
"truction of the MFB affects sensorimotor and cogni- 
,^ve skills. 

ffhe MFB was also lesioned unilaterally and it was 
-jgpjg.jj^^i:a4©d-tha-t4-epl^^ 

over 80% resulted in dramatic reductions in the ability 
of rats to make adjusting steps (see Table 1), whereas 
^jts with DA level reductions in the CPu of less than 
00 showed no detectable deificit (14). Originally, this 
tgst was conducted by letting the animal bear weight 
jfl a forepaw and monitoring the time imtU initiation of 
movement (55). Subsequently, a variety of stepping 
parameters were studied in rats with a unilateral 
J-OHDA lesion of the MFB (45). They reported that 
adjusting steps were reduced consistently after the 
unilateral MFB, 6-OHDA lesion. In contrast to apomor- 
phine-indttced rotations, the deficit in adjusting steps 
fas evident at milder DA depletion, i.e., at 80% reduc- 
tion in CPu DA levels (14). Furthermore, a depletion of 
CPu DA levels of about 80% resulted in forelimb use 
asymmetry in a cylinder (see Table 1) <61). The behav- 
ioral deficit was highly correlated with the DA deple- 
iion. 

Spirduso et al. (60) showed that unilateral lesiordng 
)fthe MFB caused-deficits in high-speed motor initia- 
tion, comparable to reaction time . responding. The 
movement initiation deficits of the contralateral paw 
were found to be Mnearly related to the DA loss, mea- 
sured as [^H]DA uptake by the CPu. The behavioral 
deficits in this task were found with a DA depletion of 
about 40-100%. Thus, this task is sensitive to detect a 
weak to severe DA depletion. In addition, small yet 
substantial deficits were also seen in ipsilateral paw 
performance following more severe lesions, which may 
be related to DA depletions found in the nonlesioned 
CPu (60). 

When modeling PD with 6-OHDA lesions of the MFB 
in rats, it is also possible to make bilateral lesions. 
Using a bilateral model of PD has several advantages. 
Since idiopathic PD is bilateral, the real pathological 
situation will be more closely approximated. Another 
advantage is that sprouting of axons from an intact 
side of the brain to the contralateral is avoided (66, but 
see 9). This implies that the model will be more stable 
*itli respect to compensation after the lesion. Rats 
^th extensive bilateral MFB lesions were reported to 
ttianifest a severe motor symptomatology with akinesia 
•eminiscent of that seen in advanced PD (64). Unfor- 
^ately, the extensive bilateral lesion also causes aph- 
^gia (deficit in swallowing) and adipsia (deficit in 
linking) in the rats (64), requiring them to be tube- 
f^d, which has somewhat limited the use of the bilat- 
eral 6-OHDA lesion model. The MFB has also been 
'ssioned bilaterally by the use of a bilateral 6-OHDA 



intracerebroventricular injection (68). These rats dis- 
played a tissue DA depletion in the CPu of about 99% 
and were xmable to acquire either the place or the cue 
version of the Morris water escape task. These findings 
further indicate cognitive impairments in addition to 
motor impairments in the MFB lesion model. 

Injection of 6-OHDA into the SNC 



In order to make a more selective animal model of 
PD with more moderate DA depletions, the SN has 
been targeted for 6-OHDA iiijection. Animals that re- 
ceived a medial and a lateral injection or a single 
lateral injection into the SNC had moderate sparing of 
dopaminergic neurons (12). In these rats, the dopami- 
nergic cell loss in the SNC as measured with TH im- 
munocytochemistry was 88%. The percentage of sur- 
viving dopaminergic cells in the VTA on the lesioned 
side was 69% when compared to the unlesioned side. 
This means that the toxic effects of 6-OHDA are not 
restrained to the SNC, but that the. VTA is affected 
partially as well. Interestingly, rats that received ei- 
ther a single lateral injection into the rostral SNC or a 
medial and lateral injection into the rostral SNC had 
greater sparing of dopaminergic cells in the medial 
SNC than in the lateral SNC (12, 20). This relative 
spariug of dopaminergic cells in the medial SNC re- 
flects the pattern of cell loss in brains of patients with 
PD, in which the DA depletion is mainly lateral (23, ~ 
25). Also very interesting is the fact that the number of 
TH-immunoreactive neurons remaining in the lesioned 
SNC was correlated with the number of rotations in- 
duced by apomorphine, but not with D-amphetamine- 
induced rotations (12). Consistent with other studies 
(e.g., Ref. 26) typically only animals in which the le- 
sioned SNC contained 10% or fewer TH-immunoreac- 
tive neurons than the intact side rotated after admin- 
istration of apomorphine. Furthermore, it was demon- 
strated that TH-immunoreactive fibers in the CPu 
showed a distribution that paralleled the pattern of 
nigral cell sparing: The lateral CPu on the side of the 
lesion was less densely innervated than the lateral 
CPu (12). In addition, the percentage of CPu area that 
was innervated by TH-immunoreactive axons was 
strongly correlated with the number of TH-immunore- 
active ceils in the SNC. Finally, the percentage of CPu 
area that was innervated by TH-immunoreactive fibers 
was also correlated with the ntunber of rotations in 
response to apomorphine, but not to D-amphetamine. 
Thus, this animal model with partial lesions of the 
SNC can predict the extent of cell loss' in SNC and 
axonal loss in the CPu, using the apomorphiae-induced 
rotational behavior as an indication of ceU loss. 

Since PD affects the brain bilaterally, it is obvious 
that a bilateral model can be used for preclinical re- 
search. Van Oosten and Cools (66) reported about a 
bilateral 6-OHDA rat model of PD in which the neuro- 
toxin was injected into the SNC. They mentioned sev- 
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FIG. 2. A rostrocaudal coronal section overview, of the-left hemisphere of the rat. The gray values indicate the four different parts of th 
caudate-putamen complex; dorsal, ventral, medial and lateral. The niarks under the sections indicate the rostrocaudal position of the corona! 
section in respect to the bregma [adapted from (47)]. Abbreviations: D, dorsal; M, medial; L, lateral; V, ventral. 



eral rationales for their decision. Among these was the 
fact that especially the striatal region that is inner- 
vated by the nigrostriatal (A9) fibers, and not so much 
by the mesolimbic (AID) fibers, is depleted in PD. One 
of the rationales for using a bilateral model was that 
unilateral injection of 6-OHDA affects the nonlesioned 
hemisphere as well, which makes a unanimous inter- 
pretation of drug-induced effects (e.g., rotational data) 
difficult. In their study it was shown that relatively 
small bilateral 6-OHDA lesions, especially of the SNC, 
and to a minor degree the VTA, produced changes in 
parameters known to be CPu-specific (66). A unilateral 
lesion of the SNC was found to deplete DA levels in the 
CPu by more than 95% on one side of the brain but 
caused bilateral impairments in skilled paw use, as, 
measured in the staircase test (69). Apparently, uni- 
lateral lesions of the SNC do not guarantee behavioral 
impairments to be restricted to one side of the body. 

Injection of 6-OHDA into the CPu 

In order to make more selective destructions of the 
nigrostriatal dopaminergic pathway, the CPu has been 
targeted as the site of toxin iajection in many recent 
studies. In the majority of these studies discrete sub- 
regions in the CPu were selected as a target for the 
lesion. Tenms like ventrolateral and dorsomedial stri- 
atum predominate these studies. Using this terminol- 
ogy, there is an important aspect to keep in mind. All 
the regions named in the following are regions within 
the dorsal striatum (i.e., the caudate-putamen com- 
plex) and not within the ventral striatum (including 
H:-heTQiirleus~accumben-s)7-Hen-ee— the-iiorsomedial--] 
of the striatum implies the dorsomedial part of the 
dorsal striatum or CPu. Figure -2 gives an indication of 
the regions that are referred to in a rostrocaudal direc- 
tion. A subdivision is made into a ventral, dorsal, me- 
dial, and lateral part. All the other terms are derived 
from this (e.g., the ventrolateral part of the CPu com- 
prises both the ventral part and the lateral pait of the 
CPu and the dorsomediial part of the CPu comprises 
both the dorsal and medial part of the CPu). 



The ventrolateral sector of the CPu, which receives 
intensive input from motor and sensorimotor areas of 
the neocortex and receives its DA innervation exclu- 
sively from the SN (33), may be equivalent to the 
putamen in primates and . humans. The dotsomedial 
CPu, on the other hand, has a mixed DA innervation 
from both SN (A9 cell group) and VTA (AID cell group) 
and receives inputs from frontal cortical areas and the 
limbic system; therefore this CPu subregion may rep- 
resent an equivalent of the nucleus caudatus in hu- \ 
mans. Lesions involving the dorsomedial parts of the ' 
CPu have more general effects on locom.otion and drag- 
induced turning behavior, whereas lesions involving 
the ventrolateral parts of the CPu have pronounced 
effects on movement initiation, sensorimotor orienta- 
tion, and skilled motor behavior (11, 16, 17, 21, 53). 
The putamen is the striatal subregion that presents 
the most profoimd DA depletions in patients with PD 
(e.g., Re£ 44). Therefore, partial lesions that are fo- 
cused on the ventrolateral CPu in rats are likely the 
most relevant models of PD (40). 

Kirik et al. (33) tried to establish the optimal param- 
eters for a stable unilateral 6-OHDA lesion of the ven- 
trolateral CPu of sufficient magnitude with respect to 
both the extent of denervation in the CPu and DA cell 
loss in SN. This was done to induce consistent long- 
lasting contralateral behavioral deficits in the adjust- 
ing steps test (rigidity and akinesia) and the staircase 
test- (fine motor control). They found that this was 
indeed possible when the neurotoxin was distributed 
over multiple injection sites along the rostrocaudal 
iej^entrolater al CPu. The functional effects 
induced by intrastriatal 6-OHDA lesions depended not 
only on the total dose of the toxin injected, but also on 
the site of toxin injection. The dose of toxin admim^' 
tered in a single injection had an effect on the extent oi 
CPu DA depletion. When a dose of 6-OHDA was dis- 
tributed over three or fotre sites along the rostro- cau- 
dal axis of the lateral CPu or when injections were 
made close to the junction of the globus palhdus, pr"' 
nounced behavioral deficits occurred. Impainnent 
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bregma 1.20 mm 

FIG. 8. Left rat hemisphere with a CPu subdivision in six areas 
•rj'j Chang et al. (14). The shaded areas indicate CPu subregions. 
jbbreviations: DM, dorsomedial; DC, dorsocentral; DL, dorsolateral; 
VM, ventromedial; VC, ventrocentral; VL, ventrolateral [adapted 
to (47)1. 

iiie staircase test was obtained only with a four-site 
lesion in wfiich an-80-95% reduction in TH-immuno- 
reaetive fiber density throughout the rostrpcaudal axis 
3! the lateral CPu and a 75% loss of TH-immunoreac- 
&e neurons in SN. In addition, a 60-70% reduction in 
TH-immunoreactive fiber density in the lateral CPu, 
accompanied by a 50-60% reduction in TH-immuno- 

' reactive neurons in SN, was shown to be already suf- 
ident for the induction of impairment in initiation of 
sepping in the adjusting steps test. 

Chang et al. (14) reported . that a reduction in CPu 
DA levels of 80% or more resulted in. impairment in the 
adjusting steps task. Also, discrete unilateral CPu le- 
sions were used to localize the subregions in the CPu 
Sliat mediate adjusting steps (14). However, they used 
a CPu subdivision that differs from the one in Pig. 2 
(see Pig. 3). Adjusting steps were shown to be reduced 

! rfter lesions of dorsolateral, ventrolateral, or ventro- 
tentral CPu (Chang's terminology), but not after le- 
'ions of dorsomedial, dorsocentral, or ventromedial 
'^Pu (Chang's terminorogy). Furthermore, none of the 
fiscrete CPu lesions resulted in rotation after appmor- 
PMne administration, which is consistent with the con- 
sideration that apomorphine-indiiced rotations require 
''le lesions to be maximal. 

Bilateral lesions in the CPu would probably serve a 
closer parallel to the human disease than unilateral 
■^sions because both striata are affected in human PD. 
Jinalric et al (2) investigated the effect of bilateral 
"OHDA CPu lesions on a reaction-time (RT) task 
*tticli measures motor initiations (see Table 1). In this 



RT task the rats are trained to respond to a visual 
stimulus when holding down a lever. The rats have to 
release the lever within a certain time interval after 
the visual cue. An anticipated release of the lever (be- 
fore the visual stimxilus) and a delayed release of the 
lever (after the predetermined poststimulus interval) 
are not rewarded by a reinforcer (food pellet). All cor- 
rect responses are rewarded. The overall dechne of DA 
tissue content in the two lesioned CPu was about 75% 
of control values. However, lesioned animals differed in 
the extent of DA depletion, as was demonstrated with 
TH immunocjrtochemistry. Thus, the group of lesioned 
animals could be subdivided into a group with exten- 
sive lesions, particularly of the medial CPu, and a 
group with less extensive lesions that appeared to be 
restricted to dorsal and lateral parts of the CPu. 

Also, animals with asymmetric lesions (one side 
partly unaffected by 6-OHDA) were obseived. These 
latter lesions had no effect on reaction-time perfor- 
mance. Therefore, it can be concluded that a bilateral 
DA-depleting lesion has to be S37mmetrical in both CPu 
for behavioral deficits to become apparent in this RT 
task. Animals with the most extensive medial lesions 
had deficits in both anticipated responses and delayed 
responses, whereas the animals that were less severely 
lesioned (dorsally and laterally) showed only an- in- 
crease in delayed responses (2). Delayed responses and 
increased anticipated were associated with motor and 
cognitive deficits, respectively. On basis of these' data it 
was concluded that a large medial CPu DA depletion 
may provide both motor and cognitive deficits. The 
dorsolateral CPu is known to receive a dense innerva- 
tion from cortical sensorimotor areas (41). DA activity 
in the dorsolateral CPu thus appears to be critical for 
motor function, i.e., the initiation of movements with 
temporal constraints. It is mainly the lateral aspect of 
the CPu that has the emphasis in mediating the func- 
tion of motor initiation (e.g., Ref. 11). This is confirmed 
by Cousins et al. (16), who reported that mild DA level 
depletions (about 30% of control levels) in the ventro- 
lateral CPu caused increased initiation times in a 
skilled motor control task of lever pressing. In. this task 
the rats had to make five presses [in a fixed ratio (FR) 
five-lever-pressing task] to receive one food peUet as a 
reward (see Table 1), These motor deficits observed in 
•the rats -with a DA depletion weire argued to show 
similarities with the motor deficits observed in pa- 
tients vTith PD (16). 

Besides the motor effects (see also Ref. 52), cognitive 
deficits could be observed as well after bilateral lesions 
of the ventrolateral CPu (37). Spatial cognitive deficits, 
as measured in the (place) Morris water escape task, 
were reported in two groups of rats with either a 64 or 
a 60% reduction in nigral neurons.' The tissue DA con- 
tent in the CPu of these two groups of rats was about 
55 and 80%, respectively. The differences in depletion 
could be attributed to age, as the latter rats were 
middle-aged rats (12 months old), whereas the former 
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were young adult rats (2 months old). Both, age groups 
were impaired in locating the platform and this cogni- 
tive deficit was related to nigrostriatal DA depletion 
and not to a decrease in dopaminergic transmission in 
the prefrontal cortex, since DA levels in this latter 
brain area remained stable after lesioning (37). Fur- 
thermore, the cognitive deficits were not likely due to 
an asymmetry in motor activity, since it has been re- 
ported that rats with almost total imilateral CPu DA 
depletions due to a MPB lesion, eventually learned to 
locate the platform in the (place) Morris water maze 



disease. However, as human PD is a progressive d' 
ease, it is subdivided into different stages. Subsequ F 
stages of the disease are characterized by a r,rncn.l?^^ 



ft 



_ Besides correlating behavioral deficits to DA deple- 
tion in the CPu, it is also important to accurately 
evaluate compensation following partial dopaminergic 
lesions. Barneoud e^ aZ. (5) recently reported bilaterally 
lesioned rats (dopaminergic lesion in both the ventro- 
lateral and dorsomediai CPu, which mounted up to a 
70% decrease in CPu DA levels) that were able to 
compensate for some of their behavioral deficits (FR 10 
schedule of reinforcement) although initiation of lever 
pressing after a reward and sustained action were still 
impaired. This study demonstrated that it is necessary 
to use several parameters to accurately evaluate com- 
pensation following partial dopaminergic lesions (5). 

At advanced stages of PD, DA- levels are reduced by 
over 95% in putamen, but by only 60-90% in the nu- 
cleus caudatus (34, 44).. -For investigation in animal 
models of advanced PD, an animal model providing 
lasting dopainihergic "depletion of 80-100% in the CPu 
of the rats is needed. Ben et al. (7) compared the effects 
of a single and a double 6-OHDA injection bilaterally 
into the CPu using the same dose (16 /Ag/CPu) on DA 
and S,4-dihydroxyphenylacetic acid (DOPAC, a DA me- 
tabolite) levels in the CPu. Injections of 6-OHDA at two 
different sites of the CPu (i.e., in the caudal and rostral 
CPu) induced a relatively stable DA level decrease of 
about 90% compared with controls. Although the single 
bilateral 6-OHDA lesioned rats showed a more pro- 
nounced loss at week 2 postoperatively than at week 8, 
which might be indicative of a compensatory phenom- 
enon. This was not observed in double bilateral 
6-OHDA lesioned rats. The DOPAC/DA ratio, which 
might provide a good index of DA release and ttimover, 
was increased in both the single and double bilaterally 
lesioned groups. 



ineration of the nigrostriatal pathway and a corr! 
spending progressive dechne in striatal DA lev/ 
Therefore, to have a reHable and good animal model, 
PD, an important question has to be met first. In ^^{] 
stage of human PD Hes the interest? When PD syn! 
toms start to emerge, about 50% of the doparainer^ 
neurons in the substantia nigra are lost and striaa 
DA levels have decreased by about 80% (33, 39) j 
6-OHDA lesioned rats similar data have been obtaine-1 
Compensatory responses to 6-OHDA lesions in the« 
have been studied extensively in both unilaterally anj 
bilaterally lesioned animals (13, 70). It was shown % 
extracellular DA levels in the CPu do not decrease 
until CPu tissue DA depletion exceeds 80%. At iowel 
levels of DA depletion, neuronal compensation mecha- 
nisms are able to compensate for the depletion. Thess) 
mechanisms involve increased release o.f DA from re- 
maining dopaminergic terminals as well as an uprega- 
lation of DA receptors and supersensitisation of DA 
receptors. Beyond 80% depletion of striatal DA levels, 
these compensation mechanisms are insufficient k 
neutralizing the DA depletion. This is confirmed by the 
finding of a modest and a marked drop in extracellular | 
DA with an 80-95% and >95% depletion of tissue DA 
concentration in the CPu of rats (13]^As_a consequeBce 
of the inadequate compensatory mechanisms at such 
high levels of DA depletion, "clinical" symptoms be- 
come manifest. Thus; to mimic idiopathic PD, a ral 
model is needed in which the DA depletion is 80% at; 
least. 

In preclinical research, rat models have been 
focusing on the nigrostriatal pathway. This di 
pathway is lesioned at different levels to mimic PD, 
There is a lack of consensus among researchers about the 
site for toxin injection. The targets of injection of the 
neurotoxin 6-OHDA are (a) the site of origin of the nigro- 
striatal pathway, i.e., the SNC; (b) the axon bundle that 
partly projects toward the CPu, i.e., the MFB; and (c) the 
terminal site of the nigrostriatal pathway, i.e., the CPu. 
In addition, the lesions can be unilateral or bilateral. To 
mimic idiopathic PD it is important that the DA depletion 
in the CPu of the rat resembles the situation in the 
diseased human brain. In addition, the behavioral defi- 
cits that can be measured after tiie lesion should validate 
the model even more. 



Animal models of human idiopathic PD are needed to 
gain insight into the etiology of the disease itself and to 
test therapeutic strategies. During the past- decades 
several rat models of PD have been used, but there is a 
lack of consensus about the location of the lesion, the 
percentage of DA depletion in the CPu, and the behav- 
ioral tests to use to relate the extent of the lesion to 
the PD-hke symptoms. This review shows that the 
6-OHDA rat model of PD closely mimics the human 



Location of 6-OHDA Lesion Site 

Medial Forebrain Bundle. The most widely used 
6-OHDA i-at model for studying PD uses animals witli 
unilateral lesions of the MFB (27). These lesions are 
almost complete and very few dopaminergic neurons 
the SNC survive. This model is valuable as a model of 
advanced stages of PD. On the other hand, a disadvan- 
tage of this model is that not only dopaminergic asoC° 
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jjijn the A9 cell group in the SNC are running along 
J 5g]VlFB. Axons from the AlO cell group, which termi- 
; jjte ii^ nucleus accumbens (of the ventral stria- 
^ comprise the MFB as well. Thus, when lesioning 
jVlFB these latter axons are damaged as well, 
flerefore, MFB lesion models have been developed 
I j,at are both selective and complete for the nigrostri- 
.y (A9) pathway, i.e., only the__A9 cell group is af- 
;T^teJa53"W¥maSlna^ 

I !§). However, a less extensive DA depletion after le- 
! lioaing the MFB has also been reported. Barneoud et 
. i (6) reported about moderate DA depletions (about - 
; 00 CPu tissue DA depletion) after selective MFB 
I [gions. The accompanying mild paw reaching impair- 
jisnts (staircase test) in these animals were proposed 
i j5 a model of the early sjmiptoms of PD (6). Also, at 
' fslatively low levels of DA depletion (a reduction of 

■ piout 80% in CPu tissue DA content), deficits in the 

■ jdjusting steps task (14) and in a reaction time task 
j§0) were observed. In addition to unilateral MFB le- 
jon models, models were developed in which the MFB 
jas lesioned bilaterally. These models have been lim- 
ited in use, as it appeared that the rats were suffering 
iom adipsia and aphagia (64). Taken together, MFB 
fesion models mostly have total elimination of dopami- 
jergic cells in the ipsilateral SNQ; but also extensive 
ss of cells in the VTA. Since the extent of this degen- 
'ration exceeds_ the., situation in PD, more selective 
aiumal models have been developed in which the neu- 
rotoxin was injected into either the SNC or into the 
CPu. 

Substantia nigra pars compacta. When using SNC 
as the target site for toxin injection, PD is mimicked 
■iiore closely with respect to dopaminergic cell loss. 
Materally lesioioing the SNC was shown to deplete 
topaminergic neurons by about 90% in the SNC (12). 
Wien compared to MFB lesions [97% loss of TH im- 
iounostaining in the SNC (12)], the TH-staining loss in 
the SNC is somewhat less extensive after SNC lesion- 
ing (12). Thus, the dopaminergic cell loss in the SNC 
model approximates an advanced stage of the human 
pathologicar situation. Thus, the pattern of DA deple- 
fott was similar to that observed in brains of PD pa- 
■'Mnts, in which the DA depletion in the SNC is mainly 
lateral (23, 25). Furthermore, in rats that received 
'unilateral 6-OHDA injections iato the SNC, the DA 
iiepletion in the CPu was also more lateral than medial 
(12). Individual animals with mailateraJ DA depletions 
'tf 90% or more in the SNC rotated after the adminis- 
'fation of apomorphine. In addition to unilateral le- 
mons of the SNC, bilateral models with the SNC as the 
|»get site for 6-OHDA injection were used as well. In 
'Iris model it was shown that small bilateral lesions 
produced changes in behavioral parameters that are 
'^Pu-specific, e.g., via the paw retraction test (see Table 

(66). A difficulty of the SNC as the target for 
^OHDA injection is the small size of the structure. It 



is very difficult to inject the 6-OHDA into this structure 
without lesioning adjoining structures (e.g., the VTA). 
This is reflected by the reduction in DA neurons in the 
VTA by about 30% after SNC lesioning, which was 
found by Carman et al. (12). 

Caudate-putamen complex. Partial lesions in the 
CPu are probably of more value to future preclinical 
PD research since it can be easily done and the behav- 
~iaral'~aM~MwhBmiclil~d"atui^ 
the human situation. Moreover, rather selective le- 
sions of the CPu can be achieved. But also in modeling 
PD with CPu 6-OHDA lesions there is no consensus 
about the lesion site. Some researchers used the dor- 
somedial CPu (e.g., Re£ 51), whereas others used the 
ventrolateral CPu (e.g., Ref. 37) and still others used 
another CPu area for toxin injection (e.g., Ref. 14). 
Since the putamen represents the most profound DA 
depletions in the brain of PD patients (e.g., Ref. 44) and 
the putamen in humans is equivalent to the ventrolat- 
eral section of the rat CPu (33), partial lesions aimed at 
the ventrolateral part of the CPu are probably best. 
Lesions of this target site showed impairments in be- 
havioral parameters that are associated with PD, like 
movement initiation, sensorimotor orientation, and 
skilled motor behavior (11, 16, 17, 21, 53). Further- 
more, since PD is a progressive disease, there should be 
separate models for both early stages of the disease 
and m'aiiifest stages of the disease. The two models are 
thus dependent on the extent of the lesion and the 
severity of behavioral deficits. 

Partial DA depletion (reduction of 60-80% of CPu 
DA levels) by local unilateral injection of 6-OHDA in 
the medial CPu has recently been claimed to be a good 
model of early and moderate stages of PD in which to 
examine or study the effects of neurotrophic therapies 
(e.g., Ref. 36). In this model paw-reaching deficits 
(staircase test) were observed when CPu DA levels 
were reduced by about 80%. This is in agreement, with 
a study in which paw-reaching impairments were also 
obtained with an 80-95% reduction in dopaminergic 
fibers in the lateral CPu [and a 50-60% reduction in 
dopaminergic neurons in the SN (33)]. In this latter 
model, the remaining intact nigrostriatal projection is 
thought to have a role in the regeneration and func- 
tional recovery in response to growth promoting factors 
(33). Deficits in paw reaching have been suggested to 
be similar to the motor deficits seen in patients with 
PD (16). In one study with a DA depletion of 80% in the 
CPu rotational behavior after the administration of 
apomorphine was observed (36). This finding contra- 
dicts with most other studies in which apomorphine- 
induced rotations were only observed in animals with a 
DA depletion in the CPu of 90% or more (e.g., Ref 6). 
The discrepancy of this iinding with the other studies 
can be due to the lesion site, i.e., lesioning the CPu (36) 
instead ofthe MFB (6). 

Chang et aL (14) found that discrete single lesions in 



312 



the dorsolateral, ventrolateral, or ventrocentral CPu 
(Chang s terminology) reduced adjusting steps The ad- 
justing steps test allows the characterization of non- 
drug-mduced deficits in forepaw movement as a model 
ot akinesia and gait problems, as observed in PD pa- 
tients (55). Taken together, a discrete lesion in the 
ventrolateral CPu would be preferable because this 
part IS thought of as equivalent to the putamen in 
humans. Not only the location of toxin injection but 
also the number of injection sites and the concentration 
of the neurotoxin, is of importance to the model as was 
shoA^by Kirike^ al. (33). Also, the injection volume is 
important because of differences in diffusion of the 
neurotoxin from the injection site to the sun-oundin^ 
bram tissue. 

Model^ in which the ventrolateral CPu was lesioned 
bilateraHy municked PD closely as well. A depletion of 
CPu tissue DA content of about 75% induced both 
motOT and cognitive deficits as measured in a RT task 
(2). The use of a RT task may therefore provide a good 
index of motor and cognitive abnormalities present in 
the early stages of PD, as stated by Amalric et al (2) 
Lindner et al (37) showed that many chnical symp^ 
toms could be observed in rats that were bilaterally 
lesioned m the ventrolateral part of the CPu. In this 
study, young adult rats had a depletion of nigral neu- 
rons of about 65% accompanied with a reduction in 
T^^^"^^"^ In addition, these rats 
snowed deficits concemmg akinesia (PRIO test), rigid- 
ity (adjusting steps task), tremor (observation of vacu- 
ous or tremulous jaw movements), and cognition (Mor- 

t?mnttr.Tf at- 
tempted to determme whether older rats exhibited 
more robust parkinsonian deficits than younger rats 
- due to a hypothesized age-related decline in compen- 
satoiy mechanisms and neuroplasticity. This was hy- 
pothesized smce the human disease affects people in 
later stages of their fives. However, the difference be- 
tween the two age gi'oups was not dramatic. This was 
probably due to the age of the older rat, wHch was m 
fact just middle-aged (12 months), i.e., they were still 
relatively young to have more CPu damage. Thus this 
age is not suitable to test the hypothesis for age-related 
changes m recovery (38). 

fi,^'''? dorsoventral and the mediolateral axis of 
tne rat CPu is very important in modeHng PD the 
-_(piesti.on-ames~whether~tfee--rostrocaudai™BC^^ 
importance as well. For instance, it appears that the 
caudal aspect of the CPu is more damaged by 6-OHDA 
than Its rostral aspect (2, 52). In the studies equated in 
this review, behavioral deficits in relation to the ros- 
trocaudal axis are not unambiguous. Most of these 
studies used anterior-posterior (of. rostrocaudal) coor- 
dinates between 1.5 and -1.5 mm from bregma. It 
remains to be demonstrated, however, whether the 
behavioral deficits occur beyond this range as well 
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Behavioral Aspects of 6-OHDA Lesions 

Behavioral deficits in response to 6-OHDA Ip.^ 
can_give an indication of the extent of the lesion S 
2 gives ^ overview of models with different 'tar!, 
sites for tiie esions, accompanying depletion in^ 
SNC and/or m the CPu, and the behavioral deficit 
these models. Models with unilateral lesions often I! 
drug^induced rotational behavior, which can be 
an indicator of nigrostriatal DA depletion. Extensiv. 
(maximal) lesions of the CPu (>90% loss of DA fit 
density) and concomitantly SN (>50% loss of dopaJ 
nergic neurons) are generally assumed to be reqmre 
to generate rotations demonstrable with low d^es f 
apomorphme, but not with amphetamine (29). Othe 
investigators have argued against drug-induced rot 
faonal behavior as a rejable indicator of nigrostria 1 
DA depletion (e.g., Ref. 14). Chang et aZ. (14) use 
adjusting steps as an indicator of DA depletion Th 
stepping test is preferable to acquire an indication o 
the depletion m DA m experiments in which there 
possibility of damaging the CPu. For instance, 'graft, 
can disrupt apomorphine-induced rotation by damag^ 
w ^ ?f receptors in the CPu (4). Such damage 

would further enhance stepping deficits. In contras 
this damage would result ha reductions in drug-in- 
duced rotation, an effect mdistinguishable from any' 
therapeutic effect-, of substances that are administered 
to alleviate the symptoms , of the -disease.. Thus, there 
may be a discrepancy between the interpretation of the 
behavioral outcome and the actual neuronal damage. 
Ihe adjusting steps task can also be used as an indi- 
cator of submaximal lesions smce deficits are detected 
I decreased by about, 

60-80% (14, 37). This fits nicely with the fact that PD: 
symptoms start to occur in the PD patients when DA 
levels m the CPu decrease beyond 80% (28). Behavioral 
tests also provide the possibihfy to assess the extent to 
which the behavior of the rats relates to clinical symp- 
toms of Pp patients (e.g., Ref 37). Examples of these 
behavioral tests are the FR-bar-pressing task or the 
paw-retraction test for akinesia, the Morris water 
maze for cognitive deficits, the staircase test for to 
motor control, and the actuating steps task for rigidity/ 
akmesia (see Table .1). 

Vnilateral and Bilateral 6-OHDA Lesions 
Most rat mode is^oXmin,volv_eWateral-lesi»ns-K^ _ 



an^ceUent overview of unilateral lesions of the SN or 
MPB see (57, 58)]. These models have been invaluable 
m prechmcal PD research. However, there are several 
good arguments for using a bilateral model of PD in- 
stead. One is that the human disease affects the brain 
bilaterally as well. Another is that there is no intact 
^^f^^nr..''^'^ ^^'^^ compensate for the affected site 
let. Ket. 66). In rats with intrastriatal 6-OHDA lesions, 
It was demonstrated that bilateral 6-OHDA lesions 
caused impairments in more behavioral motor para- 
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TABLE 2 

Overview of Dopaminergic Lesions in MFB, SNC, or CPu and the Accompanying Behavioral Deficits 



g-OHDA 

jgjjon site Concentration 6-OHDA 

Unilateral 4 (Lig/1.5 lA 



C+L 

C+L 
C+L 



Percentage reduction ii 



Unilateral 4 ;u,g/1.5 fxl 

Unilateral 8 ixg/2 /xl 
Unilateral 8 ju,g/2 ^ll 
Unilateral 8 i^g/i jjl 



Unilateral 3 jLtg/l.S lA + 

4 jiig/2 jLil 
Unilateral 4 /ig/2 /nl 



Bilateral 4 ixg/l fd 

Unilateral 2X3 ij.g/2 ^1 
Unilateral 2X6 ixg/2 ftl 
Unilateral 2 x 10 iu.g/2./u,l 

Unilateral 4x7 pg/2 fxl 

Bilateral 12 ftg/S /xl 

Unilateral 7.5 iJLg/2.5 id 
Unilateral 7.5 /u,g/2.5 ^1 
Bilateral 12 M,g/3 
Unilateral 7.5 /Lig/2.5 jid 
Bilateral 12.5 (l^2.5 (jI 
Bilateral 12.5 ngfZS /J 

Unilateral 4X5 ng/2 /A 
Bilateral 4X5 /xgy? fjl 



Behavioral deficit 

Apo (-!-): staircase test decrease it 

use of contralateral paw, bias 
— to-w-a*d-ip&i2atejal-p 



27 (SN+VTA) 


40 


47 (SN+VTA) 


54 


62 (SN+VTA) 


82 


75., 


. 80-95 in lateral CPu 


n.d. 


5.3 in rostral and 




74 ia caudal CPu 


n.d. 


n.d. 


n.d. 


n.d. 


n.d. 


n.d. ■ 


n.d. 


n.d. 


n.d. 


71 


60-64 


53-77 


80 


20-40 in rostral and 




60-70 in caudal 




CPu 


80 


20-40 in rostral and 




60-70 in caudal 




CPu 



Apo (— ): staircase test deficit in 
sensorimotor coordination 

Adjusting steps deficit 

Apomorphine-induced rotations 

Deficit in (place and cue) Morris 
water maze 



Only when individual DA depletions 
were >90% then apomorphine- 
induced rotations were observed 

Deficit in paw retraction test, 
adjusting steps, and locomotor 
activity- 



No effect on staircase test or 

apomorphine-induced rotations 
■ No effect on staircase test or 

apomorphine-induced rotations 
Staircase test deficit and 

apomorphine-induced rotations 
Adjusting steps deficit and 

staircase test" deficit" ' 
Motor initiation .and response .. 

inhibition deficits (ET task) 
Adjusting steps deficit 
Adjusting steps deficit 
Motor initiation deficits (RT task) 
Adjusting steps deficit 
Motor initiation deficit hi FR5 
Deficit in FRIO, adjustiag steps, 

and (place) Morris water maze 
No effect on apomorphine-induced 

rotations, locomotor activity, and 

staircase test. Deficit in adjusting 

steps 

No effect on apomorphiae-induced 
rotations. Deficit in locomotor 

activity, staircase test, and 
adjusting steps 



Abbreviations: 6-OHDA, C-hydroxydopamine; DA, dopamine; MFB, medial forebrain bundle; SNC, substantia nigra pars compacta; Apo 
M), rats rotatiag after apomorphine administration; Apo (— ), rats not rota1mg_^©r_apomorphi^ administration; RT, reaction time; FR, 
'feed ratio; M, medial; L, lateral; D, dorsal; V, ventral; C, central; n.d., not determined; CPu, caudate putamen complex; SN, substantia nigra; 
'TA, ventral tegmental area. 



figms than -unilateral 6-OHDA lesions (52). Thus, a 
5ral model would be preferable in regard to com- 
pensatory mechanisms. In a rat model of PD compen- 
sation during the experiment complicates the interpre- 
'ition of the data and therefore it is necessary to con- 
•ol for functional recovery or compensation after the 
'Sion (see "Compensation" below). In models with bi- 
'^teral lesions, compensation dtiring an experiment 



can occur as well, but it is excluded that this is m.ainly 
due to sprouting of axons from the other side of the 
brain. There are, however, some limitations. An obvi- 
ous one. is that in a bilateral model administration of 
drugs acting on the dopaminergic neurotransmission 
will not lead to rotational behavior since there is no DA 
imbalance between the two brain sides. In addition to 
the lack of rotational behavior, the forelimb use asym- 
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metry test carmpt be used in the bilateral model. How- 
ever, the bilateral model offers the possibility to assess 
higher cognitive tasks such as a choice reaction-time 
task. Hence, the choice of using a bilaterial rat model of 
PD or a unilateral model depends on the aim of the 
experiment and researchers should be aware of the 
advantages and shortcomings of the model of interest. 

Compensation 

Compensation or recovery of functions can be 
achieved via regeneration of dopaminergic- projections 
from remaining dopaminergic tissue. For instance, it 
has been shown that unilaterally lesioning the SNC led 
to a sprouting of dopaminergic fibers in the ventrolat- 
eral part of the GPu (9). In the other areas of the CPu, 
the TH immunostaining of fibers on the lesioned side 
seemed to be the comparable to the control side. The 
sprouting of dopaminergic fibers in the ventrolateral 
CPu was only observed 4 and 7 months after lesioning, 
but not after 10 days. Since it appeared that the TH- 
immunoreactive fibers in the ventrolateral CPu were 
less numerous at 4 months than at 7 months after 
lesioning, it was suggested that there exists an ongoing 
process of regrowth of dopaminergic fibers in this part 
of the CPu up to 7 months (9). This regrowth of dopa- 
minergic fibers is likely to be a compensatory response 
to a diminished nigrostriatal DA innervation. Assum- 
ing a homogenous,, dopaminergic innervation of the 
CPu by the nigrostriatal pathway, these latter data 
would also indicate a differential regrowth of DA fibers 
in CPu subregions. Moreover, besides compensation 
that is mediated by sprouting from remaining intact 
DA fibers of the lesioned side, compensation on the 
behavioral level can also be mediated by sprouting 
from DA fibers from the ipsilateral nonlesioned side. 
This is supported by the recent finding that bilaterally 
lesioning of the GPu caused additional behavioral def- 
icits besides those observed after miilaterally lesioning 
the CPu (52). The emergence of these additional behav- 
ioral deficits can be explained by the fact that a bilat- . 
eral lesion reduces the possibility of compensation by 
sprouting from the intact brain side. 

Barn^oud et al. (5) reported recovery of function in a 
fixed-ratio-bar-pressing task after a partial dopami- 
nergic lesion (70% reduction in CPu DA levels). This 
recovery of function did not apply to all behavioral 
parameters studied. This recovery of function is possi- 
"i*Snawt'ocompensatory meclianisms like sprouting of 
remaining dopaminergic fibers. Since different behav- 
ioral functions are mediated by different parts of the 
CPu, the recovery of function of some behavioral pa- 
rameters in time might be due to its mediation via the 
part of the CPu that is subject to sprouting. It should 
be noted, however, that other compensatory responses 
(e.g., elevated DA biosynthesis, metabolism, and re- 
lease by the remaining dopaminergic neurons) could 
also contribute to the recovery of function. It has, for 




onset A B B' A~ time 



FIG. 4. Schematic overview of course of severity of behavioral 
and neurochemical deficits in time for both the rat model and humaa 
idiopathic PD. TiDae point A ia the rat model of PD is equivalent to 
time point A' in human PD and time point B ia tiie rat model is 
equivalent to time point B' in human PD. The arrow marked "onset' 
indicates the onset of PD symptoms. 



instance, been reported that normalization of extracel- 
lular DA levels seems to be sufficient to account for 
recovery of function (49, 50). This was suggested since 
the time course of increases in extracellular DA levels 
and behavioral recovery were similar, in contrast to 
those for DA biosynthesis, metabolism, and DA release j 
(49). In addition to various compensatory responses, \ 
even other brain structures (outside the CPu) can be 
involved - in the functional recovery-of some of the be- 
havioral parameters. Thus, it should be noted that 
regenerative processes occur in the 6-OHDA model 
whenever the lesion is not complete (9). 

When inducing a DA lesion in rats, the rats will go i 
from a state of having no parkinsonian sjrmptoms (be- 1 
fore the lesion) to a state of displaying severe parldii- i 
sonian symptoms. From this moment on compensatory 
mechanisms will come into action to antagonize the 
neurobiological deficits. This means that PD symptoms 
in the rat will be alleviated to some extent in the course [ 
of time. In contrast, human idiopathic PD is a progres- j 
sive disease with a clear reverse, development: PD >, 
symptoms will worsen in the course of time. This con- 
tradiction between the idiopathic situation and the 
situation in the animed model is illustrated in Fig. 4. K 
is important to keep in mind that when behaviorally 
testing the lesioned rat at time point A, time point A' i» 
the human disease is mimicked (see Fig. 4). In addi- , 
tion, it is also relevant to notice that not aU behavioral 
-parameters-are-suLhfex^t-to-cD^^ - 
as was shown by Barneoud et al. (5). 

Variation Within 'the 6-OHDA Model j 

A further important point to note is that when ! 
6-OHDA is injected into the .MFB, SNC or CPu, there 
wiU always be some variability among the lesioned 
animals. This was shown by several investigators (e.g" 
Eefs. 2, 6, 60). Although the target of toxin injection is I 
exactly the same among the animals, the regional dis- | 
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bregma 0.70 mm 




- bpegma -0.26 mm 

FIG. 5. Two cross sections of a rat bram that was bilaterally 
Issioned in the CPu. The two sides of the bram show duterent 
iitensities m TH-immunoreactivity staining. This means that al- 
though the lesion was aimed to be synametncai between the two 
brain sides, the DA depletion differed. • 



tribution of TH immunoreactivity in the CPu will vary 
among the rats. This seems , to be a drawback of the 
6-OHDA model of PD. Fiirthermore, lesions do not only 
rary among animals in regard to the extent of the 
lesion, but in the bilateral model the lateral distribu- 
tion of TIJ immunocjrtochemistry is subject to variation 
as well (2). Figure 5 shows two cross sections of a rat 
»rain that was bilaterally lesioned in the .CPu (own 
/observations). Lesions in both CPu were placed at the 
same coordinates on both sides of the brain. The bilat-- 
■ eral injections (2 X 10 jLig/2 /aI per side) were in be- 
*een the dorsal and ventral CPu (see Fig. 2: crossing 
.point of ventral and dorsal CPu). As can be seen,, there 
is an obvious difference in TH immunoreactivity in the 
CPu between the two brain sides. Therefore, in order to 
tequire a good model of PD, the experimental rat pop- 
'■ilation should not be too small. Larger rat populations 
'flow to dissociate groups with different percentages of 
Jscline and/or regional differences in DA immunoreac- 
l^'ity. Moreover, a variation in the data allows corre- 
lation analysis, especially between anatomical and be- 
Wioral data. The results about possible relationships 



can be used to gain insight into the functioning of the 
nigrostriatal pathway during pathological conditions. 

Conclusions 

A rat model in which the ventrolateral CPu is le- 
sioned bilaterally is probably one of the most suitable^ 
models of PD, since MFB lesions are too extensive a.nd 
since the small SNC limit s the use as a lesion site for 
routine use due to practical difScuISes. UnilateraT 
models can be used in preclinical PD research as well. 
When using a unilateral model of PD and using drug- 
induced rotations to assess the extent of the lesion, it is 
important to keep in mind that compensatory sprout- 
ing of collaterals from the intact contralaterai side, as 
well as the affected ipsilateral side, of the brain will 
interfere with the obtained rotational data. Further- 
more, human PD is bilateral and therefore a bilateral 
model is preferable when the objective is to mimic PD 
more closely. In general, the 6-OBDA rat model of PD 
mimics the human disease with respect to behavioral 
and neurochemical parameters. However, an essential 
difference between the 6-OHDA model of PD and hu- 
man idiopathic PD is the opposite development 'of PD 
symptoms. Human PD has' a pragressive nature^ 
whereas the 6-OHDA model is subject to compensatory 
mechanisms. Therefore, different rat models should be 
used for different stages of human PD. The behavioral 
deficits can be measured using different -behavioral 
paradigms. For example, the paw retraetion test for 
akinesia, the adjusting steps task for ri^dity, the Mor- 
ris water escape task for cognitive ftmctions, the RT 
task for motor iintiation, and the staircase test for fine 
motor control. 

In conclusion, independent of the site of irtjeetion, 
the 6-OHDA-iDduced DA depletion appears to he a 
valuable model to investigate PD symptomatoiog7 and 
to gain more insist into the possible pathoiogical 
mechanisms of tMs neurodegenerative disease. How- 
ever, the choice of using a bilateral modeLor & ^ruoilat- 
eral model depends on the aim of es5)adment and 
one should, be aware of the consequenees of choice 
for a certain 6-OHDA model. 
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